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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 II. 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-1, particularly for the peak at 1083 cm−1, 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 III. 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 I 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 β-

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 
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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.  
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Norsk sammendrag 

Antarktiske smeltevannsdammer er unike og uutforskede biotoper 

kjennetegnet av høy kompleksitet av mikrobiota og påvirket av stadig 

skiftende økologiske faktorer. Kaldtilpassede bakterier isolert fra Antarktis' 

smeltevannsdammer representerer utmerkede modellorganismer for å 

studere tilpasning til klimaendringer. Videre kan disse bakteriene inneha 

bioteknologisk relevante egenskaper og brukes til produksjon av verdifulle 

kjemikalier. 

Hovedmålet med denne doktorgradsoppgaven var å utføre omfattende 

fenotypisk karakterisering av nylig isolerte kaldtilpassede bakterier fra 

uutforskede smeltevannsdammer som er påvirket av havet i Thala Hills 

Oasis (Enderby Land, Øst-Antarktis). Som det første 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 utført i Artikkel I. Det ble vist at smeltevannsdammene 

har vann med alkalisk pH og kan kjennetegnes av en relativt høy bakteriell 

aktivitet. Totalt ble tjueni bakterieisolater isolert fra prøvene. Ved hjelp av 

16S rRNA-genavlesning ble de isolerte bakteriene klassifisert som 

Proteobakterier, Actinobakterier, Firmicutes og Bacteroidetes, som 

tilhører tolv slekter, hvor Pseudomonas var den dominerende slekten. 

Mange isolater var psykrotrofe, i stand til å produsere pigmenter og 

ekstracellulære enzymer, hvor lipaser og proteaser var mest fremtredende. 

Testing for antibiotikaresistens avslørte tilstedeværelsen av resistens mot 

minst ett antibiotikum for de fleste isolatene, og syv isolater viste 

multiresistens. 

Endringer i cellulære lipider betraktes som en av tilpasningsstrategiene til 

tøffe miljøforhold. Temperatur er en av de viktigste faktorene som utløser 

betydelige biokjemiske endringer i bakterieceller. Temperaturinduserte 

endringer i cellulære lipider og andre biomolekyler i de isolerte Antarktis-

smeltevannsbakteriene ble studert i Artikkel II. Det ble observert en tydelig 
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endring i fettsyreprofilen for forskjellige Gram-grupper, filer, slekter og 

arter. Spesielt økte de fleste bakteriene lipidinnholdet når de ble dyrket 

ved lavere temperaturer. Fouriertransform infrarød spektroskopi (FTIR) 

analyserte temperaturinduserte endringer i lipider, proteiner og 

polysakkarider, der de mest betydningsfulle endringene ble observert i 

polysakkaridområdet ved 1200-900 cm-1, spesielt for toppen ved 1083 cm-1, 

relatert til fosfodiestergrupper hovedsakelig fra fosfolipider (for Gram-

negative bakterier) og teikosyre/lipoteikosyre (for Gram-positive 

bakterier). 

For å bedre forstå temperaturinduserte cellulære biokjemiske responser 

hos bakterier i antarktisk smeltevann, ble profilering av den totale 

cellulære biokjemiske profilen til bakterier dyrket ved ulike temperaturer 

og i ulike former for dyrkningsmedium utført i Papir III. De oppnådde 

resultatene viste at den generelle variasjonen i cellekjemien var lavere når 

bakteriene ble dyrket på agar. Effekten av temperaturen syntes å være 

arts-spesifikk, med de største endringene påvist hos bakteriene med et 

bredt temperaturområde for vekst. Lipider ble minst påvirket, mens 

polysakkarider var mest påvirket av temperaturen. 

Som observert i Artikkel I, var noen bakterier pigmenterte, dette ble videre 

undersøkt i Artikkel IV, der pigmentproduksjon ble studert ved hjelp av FT-

Raman spektroskopi og referanseanalytiske teknikker. Høykapasitets-

screening utført 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 β-karoten, 

kanthaxantin, lycopen og zeaxantin. En del av de pigmentproduserende 

smeltevannsbakteriene ble ytterligere studert for å evaluere 

pigmentproduksjon og biomasseproduktivitet under eksponering for blått 

lys. Siden bakteriepigmenter har blitt foreslått å bli brukt i farging av 

solceller eller solcelle-dyeing, ble fotostabiliteten til intakt 

pigmentbakteriebiomasse undersøkt. 

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 å spore spredning av antibiotikaresistens og 

innvirkningen av menneskers eller dyrs tilstedeværelse i polarområdene. 

Dette doktorgradsarbeidet viste at Antarktis-smeltevannsbakterier endrer 

sin totale biokjemiske profil som svar på forskjellige temperaturer, og 

denne endringen er artsavhengig. Flere isolater av smeltevannsbakterier 

viste seg å være lovende produsenter av industrielt relevante pigmenter. 

Til slutt viste denne doktorgradsstudien en bemerkelsesverdig effektivitet 

av høykapasitets 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 I) 

2. To perform characterization of temperature-associated alterations in 

lipids and other biomolecules in cold-adapted bacteria (Paper II) 

3. To perform global biochemical phenotyping using FTIR spectroscopy 

of cold-adapted bacteria (Paper III) 

4. To characterize carotenoids producing Antarctic bacteria and 

evaluate pigment stability using FT-Raman spectroscopy (Paper IV) 
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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]. 

 

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.  

 

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. 

1.3 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.  

 

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 β-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:  

 

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, β-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 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 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). 

 

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—location 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. 
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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 ×106 cells/mL was calculated for the samples sampled 

11 January 2013 by using Equation 1: 

BN = S × 106 ×
a

s
× V × 10      (1) 

where S is the filter area in mm; 106 is the recalculation of mm in µm; a is 

the sum of counted cells; s is the grid area in µm; 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 
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for discovering potential microbes for industrial use [88]. Cultivation in 

liquid 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]. 
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Figure 1.6. Duetz MTPS 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 II. 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 III. 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 

III. BHIB was used for profiling lipids and pigments in Paper II, 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 I. 
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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 
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[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-

Seq™ 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 
code Pond 

№ 

Collection 
number 

Gen Bank 
Accession 
number 

Nearest taxonomic neighbor by 
EzBioCloud alignment 

(Organisms, Accession number) 

Identity 
(%) 

TMP11 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 

TMP145 BIM B-1563 ON248072 
Shewanella WE21 99.38 

Shewanella baltica NCTC 10735 99.04 

TMP63 BIM B-1558 ON248065 Acinetobacter lwoffii NCTC 5866 99.79 

TMP21 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 

TMP196 BIM B-1566 ON248077 Pseudomonas leptonychotis CCM 8849 100 

TMP94 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 

TMP229 BIM B-1552 ON248080 Pseudomonas peli R-20805 99.52 

TMP259 BIM B-1542 ON248083 Pseudomonas peli R-20805 99.52 

TMP269 BIM B-1548 ON248084 Pseudomonas peli R-20805 99.11 

TMP135 BIM B-1562 ON248071 Flavobacterium degerlachei DSM 15718 98.47 

TMP104 BIM B-1539 ON248068 
Sporosarcina globispora DSM 4 99.59 

Sporosarcina psychrophila IAM 12468 99.59 

TMP125 BIM B-1540 ON248070 
Carnobacterium inhibens subsp. inhibens 

DSM 13024 
100 

TMP279 BIM B-1541 ON248085 Carnobacterium funditum DSM 5970 100 

TMP289 BIM B-1544 ON248086 Carnobacterium iners LMG 26642 99.86 

TMP298 BIM B-1577 ON248087 Facklamia tabacinasalis CCUG 30090 99.46 

TMP155 BIM B-1549 ON248073 

Arthrobacter ERGS4:06 98.97 

Arthrobacter PAMC25486 98.90 

Arthrobacter alpinus DSM 22274 98.70 

Arthrobacter glacialis HLT2-12-2 98.70 

TMP249 BIM B-1543 ON248082 Arthrobacter agilis DSM 20550 100 

TMP166 BIM B-1571 ON248074 
Brachybacterium paraconglomeratum 

LMG19861 
99.93 

TMP217 BIM B-1545 ON248079 Micrococcus luteus NCTC 2665 99.58 

TMP239 BIM B-1547 ON248081 Agrococcus citreus IAM 15145 99.50 

TMP308 BIM B-1567 ON248088 
Leifsonia PHSC20C1 99.59 

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 I and Paper II. Cell morphology was 

assessed via Gram staining and microscopy (Paper II). 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 100× 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 I). Various plate-based assays were employed to 

evaluate production of extracellular enzymes using selective media (Paper 

I).  

 

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 II). 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 II, and global cellular 

biochemical profiling in Paper III. 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 II): 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: 

𝑅𝑅𝐹𝐹𝐴 =
𝑎𝑟𝑒𝑎𝐹𝐴𝐹𝐴𝑀𝐸 𝑀𝐼𝑋

𝑐 𝐹𝐴𝐹𝐴𝑀𝐸 𝑀𝐼𝑋
 ×  

𝑐 𝐶19: 0𝐹𝐴𝑀𝐸 𝑀𝐼𝑋

𝑎𝑟𝑒𝑎 𝐶19: 0𝐹𝐴𝑀𝐸 𝑀𝐼𝑋
  (2). 

The estimation of weight of individual FAs was based on peak area, relative 

response factor (RRF) and C19:0 internal standard as follows: 

𝑤𝑒𝑖𝑔ℎ 𝐹𝐴𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝐶19: 0 (𝐼𝑆)

𝑎𝑟𝑒𝑎 𝐶19: 0 (𝐼𝑆)
 × 

𝑎𝑟𝑒𝑎 𝐹𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑅𝐹𝐹𝐴
   (3). 

To estimate weight percentages of single FA for each sample, the weights 

of each FA was used according to 

% 𝐹𝐴𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝐹𝐴𝑠𝑎𝑚𝑝𝑙𝑒

∑ 𝑤𝑒𝑖𝑔ℎ𝑡 𝐹𝐴
𝑠𝑎𝑚𝑝𝑙𝑒 

− 𝑤𝑒𝑖𝑔ℎ𝑡 𝐶19: 0 (𝐼𝑆)
  (4) 

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

𝑋 
 % =  

∑ 𝑤𝑒𝑖𝑔ℎ𝑡 𝐹𝐴
𝑠𝑎𝑚𝑝𝑙𝑒

− 𝑤𝑒𝑖𝑔ℎ𝑡 𝐶19: 0 (𝐼𝑆)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
   (5) 

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 µL were injected into a Thermo 

Fisher Scientific Hypersil GOLD 1.9 μm 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 А 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 II) 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 III) and FT-Raman spectroscopy was used for analysis of pigments 

production and photostability of pigments (Paper IV). 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-1 

(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⁻¹). 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): 

𝐴 = 𝑙𝑜𝑔
1

𝑇
         (6) 

where T denotes transmittance. The transmittance is the ratio of the 

intensity of the IR beam after it has passed through the sample (IS) to the 

intensity of the IR beam before entering the sample (IR) (Equation 7): 

𝑇 =  
𝐼𝑠

𝐼𝑅
         (7)                

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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(ii) 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=O), hydroxyl (O-H), and amino (N-H) groups .  

In this PhD work, for performing cellular biochemical profiling by FTIR 

spectroscopy (Paper II and Paper III), bacterial biomass was separated 

from the growth medium by centrifugation and washed with distilled water 

three times (Figure 1.10). 10 μL 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-1, and digital spacing of 1.928 cm−1, over the 

range of 4000–400 cm-1, and an aperture of 6 mm.  
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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-

quantitative 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 μL 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-1 with 

a spectral resolution of 8 cm-1 and with 2048 scans per sample. MultiRAM 

FT-Raman spectrometer (Bruker Optik GmbH, Germany) equipped 

germanium detector cooled with liquid nitrogen. 

 

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]. 

 

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 
cm-1  

FT-Raman 
cm-1 

Molecular vibration Cell component 

Lipids 

3006  3008 =C-H str Polyunsaturated lipids 
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2960/2875  2933/2895 -C-H (CH3) str Mainly unsaturated lipids, little 
contribution from proteins, 
carbohydrates, nucleic acids 

2925 /2853 2855 -C-H (CH2) str 

1742 1740 >C= O str Acyl glycerides, esters, lipids 

Proteins 

1693  
1660 

-C=O str 
C=C str  

Amide I 1656 

1636  
1548  C-N-H def Amid II 

1311 1310-1250 C-N-H def Amide III band 

Mixed 

1466  1460-1440 
CH2 def 

Lipids and protein 
1453 CH3 def 

1240  1165 
P=O asymmetric str. of 

>PO2 
Phosphodiesters, phospholipids, nucleic 

acids 1222  
Carbohydrates 

1083  
C–O str of glycogen PO−2 

symmetric str 
Phosphodiesters, phospholipids, nucleic 

acids, teichoic acids, glycogen 

1200-1000  1200-1150 C-O-C str, C-O-H def, COH Carbohydrates 

Carotenoids 

Not 
detectable 

1500-1550 C=C str. 

Carotenoids 1100-1120 C-C str. 

1000-1010 C-CH3 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 I), GC-FID data of fatty acid profile and total lipid content (%) (Paper 

II) and FTIR and FT-Raman spectral data (Paper II-IV).  

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 II-III). 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 II-IV): (1) 

averaging of technical replicates for each sample by calculating arithmetic 

mean in Paper III; (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 II, III) 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−1 

and 1800–1700 cm−1 for lipids, 1700–1500 cm−1 for proteins, mixed region 

at 1500–1200 cm−1 and 1200–700 cm−1 for polysaccharides for FTIR spectra 

(Paper III) or using the whole spectral region (Paper II 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, III).  

After preprocessing, ratio of peak intensities and multivariate data analysis 

techniques such as PCA and correlation PCA analysis were applied in Paper 

II-IV to analyze the total cellular biochemical profile of the studied bacteria 

(Figure 1.13B). For PCA, the complete mid-infrared region (Paper II) as well 

as single spectral regions of lipids, proteins and polysaccharides were used 

(Paper III). Correlation analysis between variables and PCA scores was used 

to investigate the temperature effect on biochemical profile measured by 

FTIR-HTS spectroscopy in Paper III 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 II 

(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 II. The protein Amide I peak at 1656 cm−1 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-1 (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-1 (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 III. 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 II-IV.  

 

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 I: 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 I 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 I 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 β-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 μg, 120 μg of 

gentamicin, 300 μg 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 β-lactam-type antibiotics such as 

ampicillin, amoxicillin-clavulanic acid, cefuroxime, and trimethoprim. 

Among the Gram-negative isolates, Acinetobacter lwoffii 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 II: Explorative characterization and taxonomy-

aligned comparison of alterations of lipids and other 

biomolecules in Antarctic bacteria grown at different 

temperatures 

In Paper II 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-1 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-1, 1240 cm-1 and 1083 cm-1) 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-1 

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-1 was increased for lower temperature for Gram-positive 

Actinobacteria. Temperature-induced changes in the protein region (1700-

1500 cm-1) were mainly associated with a shift of Amide I peak at 1640 cm-

1 related to β-sheet structures of proteins. A shift of the Amide I peak at 

1640 cm-1 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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Figure 2.2. Total lipid content (%, w/w) of bacterial biomass of different genera 

grown at different temperatures (blue – 5°C, yellow – 15°C and orange – 25°C) 

 

Figure 2.3 Fatty acid profile of bacteria grown at different temperatures (%, w/w) 
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Figure 2.4. Second derivative FTIR spectra of bacterial biomass of different phyla 

averaged for different temperatures (blue – 5°C, yellow – 15°C and orange – 25°C). 
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2.3 Paper III: Global biochemical profiling of fast-growing 

Antarctic bacteria isolated from meltwater ponds by high-

throughput FTIR spectroscopy 

In Paper III 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 α-helical and β-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 lwoffii 

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). 

 

Figure 2.5. PCA scatter plot of Antarctic bacteria cultivated on one temperature 

18°C and different media BHIA and BHIB (‘●’ – Agar, ‘’ – Broth), colors represent 

specie.  

 

Figure 2.6. PCA scatter plot of Antarctic bacteria cultivated on different 

temperatures 4, 10, 18, 25, 30 and 37°C media agar and broth, colors represent 

specie. 
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Figure 2.7. Correlation loading plot based on PCA analysis of FTIR-HTS with: A-

effect of 37°C on the profile of Pseudomonas lundensis strains, B- effect of 4°C on 

the profile of Acinetobacter lwoffii BIM B – 1558 strain and C- no effect of 

temperature on the profile of Micrococcus luteus BIM B – 1545.     
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2.4 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-1 (related to C=C 

stretching in polyene chain of carotenoids) and peak maxima in the range 

of 1430-1470 cm-1 (related to CH2 and CH3 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 

standards. 
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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. 

 
 

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. 

 

Figure 2.10. Analysis of relative band ratios in FT-Raman spectra of the freeze-dried 

bacterial biomass exposed by light. Colors represent exposition time (h), 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 I 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 II 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 III, 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. 
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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 β-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, β-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 μm 

and an AxioCam MRc camera (Carl Zeiss, Berlin, Germany). Water samples were exam-

ined under the 100× 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 × 106 × 

a/s × V × 10, where S is the filter area, mm; 106 is the recalculation of mm in µm; a is the 

sum of counted cells; s is the grid area, µm; 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. 
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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 °С; (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 μL of the reaction mixture contained 

10 μL of 2.5 × Flash buffer (ArtBioTech, Minsk, Belarus), 0.2 µL of each primer with the 

final concentration of 0.4 mM, 1 µL (≈10 ng) of bacterial DNA matrix, 0.25 μL of Flash 

polymerase (high-performance Pfu-polymerase, 2 U/μL) (ArtBioTech, Minsk, Belarus), 

and H2O (deionized) up to 25 μL. 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 16S 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 16S 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 16S 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 CaCl2·2H2O, 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 KH2PO4, 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, Torrejón de Ardoz, Spain); (4) 

for DNase activity, DNase test agar (Condalab, Torrejón de Ardoz, Spain); (5) for urease 

activity, 1 g/L peptone, 5 g/L NaCl, 1 g/L glucose, 2 g/L KH2PO4, 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 β-galactosidase (β-GAL) activity, 

Luria broth agar with X-Gal (5-bromo-4-chloro-3-indolyl-β- D-galactopyranoside) and 

IPTG (isopropyl β- D-1-thiogalactopyranoside); and (7) for keratinase activity, 15 g/L 

chicken feather meal powder, 0.5 g/L NaCl, 0.3 g/L K2HPO, 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 β-galactosidase 

(β-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% H2O2. 

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 μg of vancomycin), β-lactam antibiotics (10 μg of ampicillin, 20 μg of 

amoxicillin, 10 μg of clavulanic acid, 30 μg of cefuroxime, 10 μg of imipenem, and 30 μg 

of ceftriaxone), quinolones (5 μg of ciprofloxacin and 30 μg of nalidixic acid), diaminopy-

rimidines (5 μg of trimethoprim) and diaminopyrimidine coupled with sulfonamide (1.25 

μg of trimethoprim and 23.75 μg of sulfamethoxazole), rifamycin antibiotics (5/30 μg of 

rifampicin), macrolide antibiotic (15 μg of erythromycin, 15 μg of clarithromycin, and 15 
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μg of azitromycin), aminoglycoside antibiotic (10/120 μg of gentamicin, 10 μg of tobramy-

cin, 10/300 μg of streptomycin, and 30 μg of kanamicyn), tetracycline antibiotics (30 μg of 

doxycycline and 30 μg of tetracycline), 30 μg of chloramphenicol, and 100 μg 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 × 106 to 

4.52 ± 0.67 × 106 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). 

 

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. β-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 μg of rifampicin, 120 μg of gentamicin, 300 

μg of streptomycin, 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 β-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 β-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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4. Discussion 

In the framework of this study, we, for the first time, characterized bacteria isolated 

from the sea-affected terrestrial temporary non-flowing meltwater ponds in the Thala 

Hills oasis (Enderby Land, East Antarctica), which are small water reservoirs formed on 

the unevenness of the terrain due to snow and ice melting.  

A physicochemical characterization of the water samples showed that the water in 

these MPs has a high alkaline pH that can possibly be explained by the photosynthetic 

activity of cyanobacteria [48]. We observed high variability in TDS, the number of bacte-

ria, and the productivity of bacterioplankton between different ponds, which can be due 

to the absence of water flow, small size (diameter 0.1–3 m), low depth (0.1–0.5 m), chemi-

cal composition of rock-forming minerals, water evaporation process, and effect of sea 

aerosols due to the location along the shoreline. A similar variability in TDS was reported 

for meltwater ponds from other Antarctic regions [7,49]. A previous study of the tempo-

rary meltwater ponds of the same area in East Antarctica [3] showed that the maximum 

number of bacterial cells and microbial biomass in non-flowing ponds (which we study 

in this paper) are higher than in flowing and weakly flowing ponds and were closer to the 

number measured for the green snow sample taken in the same area [14]. Thus, when 

calculating the biomass of bacterioplankton per 1 L, it can be concluded that the produc-

tivity of bacterioplankton in stagnant water ponds is the highest, more than 20 times 

higher than the productivity of bacterioplankton in flowing water ponds, and comparable 

to the productivity of surface snow samples.  

Physicochemical parameters such as salinity and pH can have significant direct and 

indirect impacts on the formation of microbial communities as well as their diversity and 

ecological responses [50]. Combining culture-based and non-culture-based approaches is 

desirable for describing novel microbial communities, but in this study, one of the aims 

was to isolate culturable bacteria that could be further used in bioprospecting for the pro-

duction of different valuable products. Therefore, the culture-based approach was ap-

plied. For example, the production of pigments such as carotenoids is common among 

Antarctic bacteria because they play a key role in the adaptation to the cold environment 

through the modulation of membrane fluidity and protect bacterial cells against ultravio-

let radiation [26–28,30,31]. Thus, at a very first step, in order to isolate bacterial isolates 

from different taxonomic groups, bacterial colonies with considerably different pheno-

typic traits (shape and size of colonies, growth rate, pigmentation) were selected, resulting 

in twenty-nine fast-growing bacterial isolates. 

16S rRNA sequencing indicated the presence of similar types of bacteria as reported 

for other meltwater ponds and environments in Antarctica. The isolated meltwater bacte-

ria were identified as Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes, in ac-

cordance with the previously reported studies [23,51,52]. Among the isolated bacteria, 

Proteobacteria (with the predominance of the genus Pseudamonas) were the dominating 

group, with seventeen isolates that were isolated from all meltwater ponds except MP- 8. 

Proteobacteria bacteria may dominate in culture-based studies due to their ability to grow 

rapidly on nutrient-rich media such as MPA and effectively compete in heterotrophic con-

ditions [23,53]. Proteobacteria are often identified as the dominating member of Antarctic 

microbial communities [11,51,52]. The predominance of Proteobacteria and their presence 

in almost all studied ponds may have a connection to the alkaline pH and small depth of 

the ponds since it was previously reported that Proteobacteria are the dominant phylum 

in the samples taken from the bottom of water bodies, while Bacteroidetes are predomi-

nant in surface water samples [13]. The second most abundant phylum was Actinobacte-

ria, with genus Arthrobacter dominating. The isolation of Arthrobacter and Leifsonia was 

shown for green snow samples from Antarctica [14]. Such genera as Agrococcus, Arthro-

bacter, Brachybacterium, and Micrococcus were found in an association with marine 

macroalgae from Antarctica [54], and they are often retrieved from different Antarctic 

samples using culture-based techniques [55]. The presence of Actinobacteria members 
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may lead to their co-existence with marine macroalgae and high adaptability since they 

can tolerate a wide range of environmental gradients, such as temperature, pH, and salin-

ity [56]. The production of pigments by Actinobacteria may be promising for biotechno-

logical applications [31,54]. The genera Carnobacterium and Sporosarcina were predomi-

nant from the Firmicutes phylum and were previously isolated from other Antarctic en-

vironments (lakes, ponds, and permafrost ice) [23]. Retrieving Firmicutes bacteria could 

be explained by their ability to form endospores, which are extremely resistant to adverse 

environments [57]. Bacteroidetes were represented by only one isolate, which may be due 

to the low selectivity of the medium used and the overall predominance of Proteobacteria, 

as reported by Carmen et. al. [23]. Our results indicate that the isolated microbial commu-

nities from MPs vary, and a similar observation was shown before for the microbial com-

munities of water bodies from the Ross Sea region, where the abundance of Proteobacte-

ria, Bacteroidetes, and Actinobacteria within different ponds was highly variable between 

years, with a link to climate-driven factors [12]. 

Interestingly, that bacterial species isolated from MPs in this study were previously 

found in both cold and non-cold environments, while most of the isolated bacterial species 

were similar to those found in other types of samples from cold polar and non-polar re-

gions. For example, other researchers isolated Shewanella baltica [58], Pseudomonas lunden-

sis [59,60], Pseudomonas leptonychotis [61], Carnobacterium funditum [62], Carnobacterium 

iners, Flavobacterium degerlachei [63], Arthrobacter agilis [64], Micrococcus luteus [21], and 

Leifsonia rubra [14,65] from water, soil, and animal samples of polar origin. The species 

Pseudomonas lundensis, Pseudomonas peli [25], Acinetobacter lwoffii [66], Sporosarcina 

globispora [67], Carnobacterium inhibens [68], Arthrobacter alpinus [69,70], and Arthrobacter 

agilis were isolated from cold non-polar environments such as frozen food, non-polar per-

mafrost sediments, glaciers, glacial currents, a subglacial lake in the Himalayas, and Sibe-

rian permafrost. Since in this study we isolated bacteria that were previously found in 

cold polar and non-polar regions, it could be hypothesized that these species have espe-

cially flexible metabolic machinery that allows them to adapt and survive in distinct cold 

regions [51]. 

Screening for thermotolerance showed that many of the isolated bacteria are psy-

chrotrophs and can grow within a wide temperature range from 4 up to 25, 30, or 37 °C, 

and only two isolates, C. funditum TMP27 and C. iners TMP28, were classified as psychro-

philic since they could grow at 18 °C but not at 25 °C [29,71]. The appearance of psy-

chrotrophs is common in cold environments, as they have well-developed metabolic re-

sponses and nutrient adaptability to the wide temperature fluctuation common for Ant-

arctica, as previously reported [22,72–74]. 

The production of a wide range of enzymes by cold-adapted psychotropic and psy-

chrophilic bacteria was reported before, and a similar observation was obtained in this 

study. Screening for enzymatic activity at the optimal growth temperature of 18 °C 

showed that most of the isolates (predominantly from the Pseudamonas genus) possess 

lipolytic activity that is in accordance with previous studies [19,75,76]. In oligotrophic 

Antarctic water ecosystems, characterized by low temperatures and low light intensity, 

phytoplankton stores up to 80% of available carbohydrates and other C-sources in the 

form of lipids, which leads to an increase in the production of lipase/esterase enzymes by 

the microbes present in these ecosystems [19,77]. Some isolates have shown urease activity 

that could be explained by the presence of seals close to the sampling sites or by the pres-

ence of other natural sources of urea, as described by Tara et. al. [78]. Urea could be an 

important source of nitrogen in polar systems [78]. Urease activity correlates with antibi-

otic multi-resistance, which is often explained by the presence of the ABC transporter sys-

tem used for the transportation of urea inside cells [79] and antibiotics outside [34]. She-

wanella isolates showed DNase activity, and this is in accordance with the previous results 

where it was shown that Shewanella can utilize DNA as a sole source of carbon, nitrogen, 

and phosphorus in media that is lacking these nutrients under aerobic and anaerobic con-
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ditions [80]. The production of catalase, protecting cells from the toxic stress-induced re-

active oxygen species (ROS) [20], was detected for more than half of the isolates. Keratino-

lytic activity was not possessed by any of the studied isolates, while the production of 

keratinases by Antarctic bacteria was previously reported [81]. The production of extra-

cellular enzymes such us lipases, proteases, urease, and DNases by isolates from MPs in-

dicates that these microbes play an important role in the breakdown and subsequent min-

eralization of MP organic matter. Bacteria could contribute to the biotransformation of 

organic carbon, sulfur, and nitrogenous compounds and may play a key role in the food 

webs and nutrient cycling of the pond’s ecosystem [82,83]. 

As the studied MPs are (1) located in the shore area and affected by the sea, (2) char-

acterized by average human activity (3–10 people per season), and (3) the presence of 

birds (penguins and skuas) and sea animal (seals), their microbial communities poten-

tially could be affected by the transport of resistance genes. Therefore, we decided to eval-

uate the antibiotic susceptibility of the bacteria isolated from these MPs. We recorded a 

relatively high level of resistance among the tested isolates (more than six resistant iso-

lates) towards β-lactams (ampicillin, amoxicillin-clavulanic acid, and cefuroxime), macro-

lide (erythromycin), aminoglycoside antibiotic (streptomycin (in low concentrations) and 

tobramycin), trimethoprim and trimethoprim with sulfamethoxazole. Similar results were 

reported for the bacterial isolates from other Antarctic environments [20,35,72,84,85]. The 

presence of migratory birds in the studied area could generate a selective pressure on the 

local microbiota and contribute to the spreading of antibiotic resistance [35]. Thus, one of 

the most resistant isolates was from the species Pseudomonas lundensis, showing a high 

level of resistance to thirteen antibiotics, was isolated from MP- 1 and MP-2, which was 

located 30 m from the skua nest and served as a swimming place for skuas. Other isolates 

with low levels of resistance were from meltwater pounds MP-3, MP-5, MP-6, MP-8, and 

MP-9, which did not serve as a swimming places for skuas. Isolates of Acinetobacter lwoffii 

TMP6 were resistant to fifteen antibiotics, Brachybacterium paraconglomeratum TMP16 and 

Agrococcus citreus TMP23 were resistant to nine antibiotics, and Facklamia tabacinasalis 

TMP29 and Carnobacterium inhibens TMP12 were resistant to six and seven antibiotics, re-

spectively. Isolates from ponds MP-4 and MP-7 showed high levels of susceptibility to-

wards the tested antibiotics. Its known that bacteria from the phyla Proteobacteria, Fir-

micutes, and Actinobacteria could encode multiple resistance mechanisms [34]. One of the 

most common resistance strategies in bacteria is multidrug efflux pumps. Multidrug ef-

flux pumps have broad specificity and confer resistance to a wide range of antibiotics 

[34,84]. It was also shown that due to the presence of many antibiotic resistance genes 

Proteobacteria could have taxonomic dominance in microbial communities. Interestingly, 

in this study, the resistance of bacterial isolates from the phylum Proteobacteria varied a 

lot—from isolates with multi-resistance to isolates susceptible to all tested antibiotics. 

Summarizing our observations, the bacterial communities of MPs could be used as bioin-

dicators in Antarctica to track antibiotic resistance gene mobilization to the polar regions 

and the impact of human or animal presence. 

5. Conclusions 

Based on the obtained results, we can hypothesize that the bacterial communities of 

the temporary meltwater ponds in East Antarctica include metabolically versatile bacte-

ria, as among the isolated species, many are commonly found in both polar and non-polar 

cold regions. The isolated bacteria were shown to be psychrotrophic and were able to 

grow at a wide range of the temperatures from 4 to 37 °C, and the optimal temperature 

varied from 18 to 25 °C. It seems that the physiological properties, such as the enzymatic 

activity and antibiotic susceptibility, of the isolated meltwater bacteria are defined by the 

location of animals, penguins and skuas in particular, close to the MPs. The production of 

enzymes and pigments detected in this study may be promising for biotechnological ap-

plications. Antibiotic susceptibility testing revealed that most of the isolates were resistant 

to at least one antibiotic, and seven isolates showed multi-resistance from six to fifteen out 
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of twenty-three tested antibiotics and antibacterial agents. In summary, isolates from Ant-

arctic MPs may have biotechnological potential and could be used as bioindicators to track 

antibiotic resistance gene mobilization and the impact of human or animal presence in 

polar regions. 
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Temperature significantly impacts bacterial physiology, metabolism, and cell chemistry. In this 15 

study, we analyzed lipids and total cellular biochemical profile of seventy-four fast-growing 16 

Antarctic bacteria grown at different temperatures. Fatty acid diversity and temperature-induced 17 

alterations aligned with bacterial classification - Gram-groups, phylum, genus, and species. Total 18 

lipid content, varied from 4% to 19% of cell dry weight, was genus- and species-specific. Most 19 

bacteria increased lipid content at lower temperatures. The effect of temperature on the profile was 20 

complex and more specie-specific, while some common for all bacteria responses were recorded. 21 

Gram-negative bacteria adjusted unsaturation and acyl chain length. Gram-positive bacteria 22 

adjusted methyl branching (anteiso-/iso-), chain length, and unsaturation. Fourier transform 23 

infrared spectroscopy analysis revealed Gram-, genus-, and specie-specific changes in the total 24 

cellular biochemical profile triggered by temperature fluctuations. The most significant temperature 25 

related alterations detected on all taxonomy levels were recorded for mixed region 1500-900 cm-1, 26 

specifically the band at 1083 cm−1 related to phosphodiester groups mainly from phospholipids (for 27 

Gram-negative bacteria) and teichoic /lipoteichoic acids (for Gram-positive bacteria). Some 28 

changes in protein region were detected for few genera, while lipid region remained relatively stable 29 

despite the temperature fluctuations. 30 

Introduction 31 

Psychrotrophic and psychrophilic bacteria have garnered attention due to biomolecules they can 32 

produce which have application potential in biotechnology and medicine. Their ability to survive 33 

and thrive in frigid environments, such as polar regions, often rely on alterations in cellular lipids 34 

and production of specific compounds, such as antifreeze proteins (De Maayer et al., 2014), cold-35 

active enzymes, cryoprotection-targeted exopolysaccharides, compatible solutes (Collins and 36 

Margesin, 2019), storage compounds and pigments (Sajjad et al., 2020). Some bacterial fatty acids 37 

(FAs) and monoglycerides are promising antibacterial agents due to that they destabilize bacterial 38 

cell membranes, resulting in a variety of direct and indirect inhibitory effects (Desbois and Smith, 39 

2010; Yoon et al., 2018). Finally, accumulation of storage compounds such as acyl glycerides and 40 

polyhydroxyalkanoates (PHAs) has been reported as an adaptation to the low temperatures and 41 

nutrient-poor conditions (Goh and Tan, 2012; Tribelli and López, 2018). 42 

Lipids are one of the main temperature sensitive biomolecules in bacterial cells which accounts 43 

approximately 10– 15 % (w/w) of cell dry weight (Naumann, 2000). They are localized mainly in 44 

the form of phospholipids in the cell membrane or can be accumulated in the form of acyl glycerides 45 

and/or free FAs in lipid droplets. Lipids play multiple roles in bacterial cells such as membrane 46 

flexibility and its selective permeability, establishment of the environment for many enzyme and 47 

proteins transport (Chattopadhyay and Jagannadham, 2001). Fatty acid profile is considered as 48 

chemotaxonomy biomarker used for bacterial identification on genus and species level (Sasser, 49 

1990).  50 

For cold-adapted bacteria, temperature associated alterations in amount of lipids, ratio between 51 

different types of lipids, and fatty acid profiles have been reported previously (Hassan et al., 2020). 52 

Modification of fatty acid composition and ratios of different FAs impact the fluidity, flexibility, 53 

and permeability of cell membranes resulting in the elevated survival rate at low and high 54 

temperatures. Thus, increased production of saturated fatty acids (SFAs) and cyclopropane fatty 55 

acids (cyclic-FA) can increase rigidity and lower permeability of membrane bilayer, while high 56 

presence of cis-unsaturated fatty acids (cis-UFAs) can lead to a higher permeability of membrane 57 

(Mező et al., 2022). Changes in branched-chain fatty acids can affect membrane fluidity, where 58 

increase in anteiso-fatty acids (anteiso-FA) can result in a more fluid membrane structure than for 59 

iso-fatty acids (iso-FA) (Mező et al., 2022). The ratio between long- and short-chain fatty acids can 60 

also regulate membrane fluidity under unfavorable temperature conditions the same as change of 61 
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saturation. Moreover, temperature fluctuations can lead to the conversion of cis-UFAs into their 62 

corresponding trans configurations, leading to a quick rigidification of the cell membrane (Mező et 63 

al., 2022).  64 

Proteins and carbohydrates are among the primary biomolecules found in bacterial cells that exhibit 65 

temperature sensitivity. Proteins are the main components of bacterial cells accounting of 66 

approximately 40–60 % (w/w) of cell dry weight (Naumann, 2000). Temperature fluctuations can 67 

impact protein structures and activity. Antarctic bacteria thrive in lower temperatures, producing 68 

cold-adapted proteins that maintain stability, flexibility, and enhanced catalytic activity. These 69 

bacteria also produce antifreeze proteins that bind to ice surfaces, preventing ice crystal formation 70 

and enabling survival in freezing conditions (De Maayer et al., 2014). Polysaccharides accounting 71 

of approximately 10– 20 % (w/w) of cell dry weight (Naumann, 2000) can significantly be affected 72 

by temperature and alter production, composition, and structure. Lower temperatures commonly 73 

lead to increased production of exopolysaccharides and induce modifications that contribute to 74 

bacterial survival and adaptation to the extreme cold conditions (De Maayer et al., 2014; Tribelli 75 

and López, 2018). 76 

The primary objective of this study was to perform explorative characterization and taxonomy-77 

aligned comparison of the temperature-induced alterations of the main biomolecules such as lipids, 78 

proteins and polysaccharides in Antarctic cold-adapted bacteria newly isolated from green snow 79 

and temporary meltwater ponds and belonging to four phyla and eighteen genera. Total lipid content 80 

and fatty acid profiles were analysed by gas chromatography (GC), while Fourier transform infrared 81 

(FTIR) spectroscopy was used to evaluate changes of the total cellular biochemical profile. FTIR 82 

spectroscopy was chosen due to its advantages and wide application in microbiology and 83 

biotechnology for the overall biochemical characterization of microbial cells and their metabolites 84 

(Kohler et al., 2015; Forfang et al., 2017; Kosa et al., 2017b; Shapaval et al., 2017; Carnovale et 85 

al., 2021; Olsen et al., 2023; Shapaval et al., 2023). One of the main advantages of FTIR analysis 86 

are that it can be performed on non-destructed or little processed microbial biomass and combined 87 

with the automated sample preparation to increase throughput (Li et al., 2016; Xiong et al., 2019). 88 

Materials and methods 89 

Bacterial strains  90 

Seventy-four fast-growing Antarctic bacteria from the Belarussian Collection of Non-pathogenic 91 

Microorganisms (Institute of Microbiology of the National Academy of Science of Belarus) were 92 

used in the study. These are Gram-positive and Gram-negative, psychrotrophic and psychrophilic 93 

bacteria belongs to four phyla: Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes and 94 

represented by eighteen genera: Arthrobacter, Cryobacterium, Leifsonia, Salinibacterium, 95 

Paeniglutamicibacter, Rhodococcus, Polaromonas, Pseudomonas, Psychrobacter, Shewanella, 96 

Acinetobacter, Sporosarcina, Facklamia, Carnobacterium, Brachybacterium, Micrococcus, 97 

Agrococcus and Flavobacterium (Table 1 and Table S1 in SM). Identification and physiological 98 

characterization of these bacteria have been reported previously (Smirnova et al., 2021; Akulava et 99 

al., 2022; Smirnova et al., 2022).  100 

Microscopy evaluation of Gram-stained bacteria 101 

For Gram staining and microscopy evaluation, the isolated bacteria were cultivated on BHI-agar at 102 

18 °C for 1 to 4 days, depending on the isolate, until the single colony appeared. Gram staining was 103 

done following the protocol of the three-step Gram stain procedure kit (Merck KGaA, Germany). 104 

The morphology of Gram-stained cells was studied by the direct examination with the light 105 

microscope Leica DM4 B (Leica Microsystems, Germany) under a 100× immersion lens. 106 
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Cultivation of Antarctic bacteria 107 

Bacteria were recovered from cryo-preserved cultures by culturing on brain heart infusion (BHI) 108 

agar (Sigma Aldrich, USA) plates for 7 days at 18°C. A single colonies of each strain were 109 

transferred into 7 mL BHI broth (Sigma-Aldrich, India) in the Duetz microtiter plate system (Duetz-110 

MTPS, Enzyscreen, Netherlands) consisting of 24-square extra high polypropylene deep well 111 

microtiter plates (MTPs) with low-evaporation sandwich covers and extra high cover clamps (Duetz 112 

et al., 2000; Kosa et al., 2017a; Dzurendova et al., 2020a; Dzurendova et al., 2020b). To obtain 113 

enough amount of biomass for analysis, each strain was inoculated into four wells of a microtiter 114 

plate. Inoculated MTPs were mounted on the shaking platform of the MAXQ 4000 incubator 115 

(Thermo Fisher Scientific, Waltham, MA, USA), incubated at 5°C, 15°C and 25°C, and 400 rpm 116 

agitation speed (1.9 cm circular orbit) for 7 days. One well in each plate was filled with sterile 117 

medium for cross-contamination control. All cultivations were done in two independently 118 

performed biological replicates.  119 

Preparation of bacterial biomass for FTIR measurements  120 

Bacterial biomass was separated from the growth medium by centrifugation (Heraeus Multifuge 121 

X1R, Thermo Scientific, Waltham, MA, USA) at 2490 g 4°C for 10 min and washed with distilled 122 

water three times. Further, at the last washing step, 100 – 500 µL of distilled water was added to 123 

the cell pellet and re-suspended. 10 μL of the homogenized bacterial suspension was pipetted onto 124 

the IR-light-transparent silicon 384-well silica microplates (Bruker Optics GmbH, Ettlingen, 125 

Germany) in three technical replicates, and dried at room temperature for at least 2 hours before the 126 

analysis (Smirnova et al., 2021; Smirnova et al., 2022). The remaining bacterial biomass was 127 

freeze-dried (Labconco, USA) for 72 h until constant weight, and stored at -20°C. Freeze dried 128 

biomass was used for lipids extraction.  129 

Lipid extraction from bacterial biomass 130 

Lipid extraction was done by using the previously described method (El RazakWard and Glassey, 131 

2014), with some modifications. Briefly, 20 mg of freeze-dried bacterial biomass was mixed with 132 

2 mL of 8% methanolic HCl (Ichihara and Fukubayashi, 2010) in reaction glass tubes. Further, 50 133 

µL of 19:0 1,2-dinonadecanoyl-sn-glycero-3-phosphocholine (PC) internal standard solution in 134 

chloroform (10 mg/mL) (Avanti, USA) was added to each sample (Quideau et al., 2016). Samples 135 

were heated at 70°C for 2 hours and cooled down at room temperature for 30 min. 1 mL of distilled 136 

water was added to the samples and vortexed. Phase separation was performed twice: 2 mL of 137 

hexane was added to the samples, vortexed for 1 min and centrifuged at 1968 g for 5 min. The 138 

upper hexane phase was transferred into clean glass tubes and evaporated under nitrogen at 30°C 139 

(SBH130D/3 N2 evaporator, ColePalmer™ Stuart™). Fatty acid methyl esters (FAMEs) were 140 

transferred into GC vial by washing the glass tube with 1500 µL hexane containing 0.01% butylated 141 

hydroxytoluene (BHT, Sigma-Aldrich, USA), followed by 5 s vortex mixing at low speed. 142 

Gas chromatography analysis of total lipid content and fatty acid profile 143 

Lipid contents and fatty acid profiles were analyzed using GC 820A System (Agilent Technologies, 144 

Santa Clara, CA, USA) equipped with Agilent J&W 121-2323 DB-23 column, 20 m x 180 µm x 145 

0.20 µm and a flame ionization detector (FID). Helium as a carrier gas was used. Setup for sample 146 

analysis was used as described previously (Langseter et al., 2021). For the identification and 147 

quantification of fatty acids, the C4–C24 FAME mixture (Supelco, St. Louis, MO, USA) and 148 

bacterial acid methyl esters CP (BAME) mixture (Matreya LLC, High Tech Road, State College, 149 

PA 16803 USA) were used as an external standard, in addition to C19:0 PC internal standard. Gas 150 

chromatography mass spectrometry (GC‐MS) analysis of the fatty acid profile was used to identify 151 
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fatty acids which were not present in the external standards used for GC-FID, and this was done as 152 

described previously (Kosa et al., 2018b). 153 

FTIR spectroscopy analysis  154 

FTIR transmittance spectra were measured using a high-throughput screening extension unit (HTS-155 

XT) coupled to the Vertex 70 FTIR spectrometer (both Bruker Optik, Germany). The FTIR system 156 

was equipped with a globar mid-IR source and a deuterated L-alanine doped triglycine sulfate 157 

(DLaTGS) detector. The HTS-FTIR spectra were recorded with a total of 64 scans, using 158 

Blackman-Harris 3-Term apodization, spectral resolution of 6 cm-1, and digital spacing of 1.928 159 

cm−1, over the range of 4000–400 cm-1, and an aperture of 6 mm. The ratio of a sample spectrum to 160 

a spectrum of the empty IR transparent microplate was used to calculate a final spectrum. 161 

Background spectra of the Si microplate were collected prior to each sample measurement to 162 

account for variations in water vapor and CO2. Generated transmittance spectra were exported for 163 

further analysis. Each biomass sample was analysed in three technical replicates. For data 164 

acquisition and instrument control, the OPUS software (Bruker Optik GmbH, Germany) was used. 165 

Preprocessing and data analysis  166 

GC data 167 

The weight of individual fatty acids (FAs) was calculated based on peak areas, relative response 168 

factors (RRF) and C19:0 internal standard. Total lipid content of bacterial biomass was estimated 169 

as a sum of FAMEs (the weight of C19:0 was subtracted) divided by the weight of dry biomass. 170 

Total lipid content of the biomass was calculated in a percentage (%) by summing up all detected 171 

FAs for the whole set of studied strains individually. Detected FAs were grouped according to their 172 

structural characteristics: PUFAs (summed polyunsaturated fatty acids), n-SFAs (summed non-173 

branched saturated fatty acids), br-SFAs (summed branched saturated fatty acids), n-MUFAs 174 

(summed non-branched monounsaturated fatty acids), hydroxy-FAs (summed hydroxy fatty acids) 175 

, cyclic-FAs (summed cyclic fatty acids), summed cis-FAs/trans-FAs and iso-FAs /anteiso-FAs 176 

(Mező et al., 2022). Prior to principal component analysis (PCA), GC fatty acid profile data were 177 

normalized by using autoscaling with mean-centering, followed by the division of each column 178 

(variable) by the standard deviation. PCA analysis was performed without any prior knowledge 179 

about the experimental structure to uncover structural relationships between the variables and 180 

identify potential clusters in the data. 181 

FTIR data 182 

For PCA analysis, HTS-FTIR spectra of the bacterial biomass were preprocessed in the following 183 

way: (1) applying the Savitzky−Golay algorithm using a polynomial order of degree 2 and window 184 

size 11 (Savitzky and Golay, 1964) , (2) cutting uninformative regions (4000 – 3100 cm-1, 2800 – 185 

1800 cm-1 and 900 – 400 cm-1), (3) the extended multiplicative signal correction (EMSC) was 186 

applied to the second-derivative spectra to separate informative signals from spectral artifacts and 187 

minimize variability due to the light scattering or sample thickness (Kohler et al., 2020; Tafintseva 188 

et al., 2020). For ratio analysis, FTIR-HTS spectra were preprocessed in the following way: (1) 189 

applying the Savitzky−Golay algorithm using a polynomial order of degree 2 and window size 190 

11(Savitzky and Golay, 1964), selecting an informative region (1900 – 900 cm-1). The spectral data 191 

analysis involved categorizing the spectra into specific regions: lipids (3050–2800 cm−1), esters 192 

(1800–1700 cm−1), proteins (1700–1500 cm−1), and a mixed region (1500–900 cm−1). 193 

After preprocessing, the infrared spectra were subjected to multivariate analysis using PCA. For 194 

the PCA, whole spectral region was used. The scatter plot of scores was generated for the entire 195 
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FTIR dataset, including biological and technical replicates, which was then projected onto a PCA 196 

plot. Univariate analysis of the infrared spectra was used to estimate a relative content of lipids, 197 

phosphorus containing compounds (i.e. phospholipids) and changes in protein structure, where the 198 

amide I peak at 1656 cm−1 related to α-helical structure of proteins was selected as a relatively 199 

stable reference band. An ester C=O stretching peak at 1742 cm−1 was used for the estimation of 200 

the relative lipid content (lipid to protein ratio, L/P, 1742 cm−1/1656 cm−1), while P-O-C symmetric 201 

stretching peak at 1083 cm−1 was used for the estimation of phosphorus containing compounds 202 

(phosphorus to protein ratio, P/P, 1083/1656 cm-1) (Naumann, 2000; Maquelin et al., 2002; 203 

GaripGozen and Severcan, 2009). Orange data mining toolbox version 3.31.1 (University of 204 

Ljubljana, Ljubljana, Slovenia) was used for the preprocessing and spectral analysis (Demšar et al., 205 

2013; Toplak et al., 2017). 206 

Results  207 

The bacteria isolated from Antarctic meltwater ponds were Gram stained and cell morphologies 208 

were studied by microscopy. Gram staining showed that among twenty-nine isolates from 209 

meltwater ponds eighteen isolates  were Gram-negative, and eleven isolates were Gram-positive. 210 

The microscopy images for the twelve isolates representing all genera are shown on Figure S1 in 211 

SM. Microscopic examination of the Gram stained bacteria revealed a predominance of the cocci-212 

shaped cells such us for Acinetobacter lwoffii BIM B-1558 and Facklamia tabacinasalis BIM B-213 

1577 or short bacilli-shaped cells as for Shewanella baltica BIM B-1563, Pseudomonas peli BIM 214 

B-1560, Sporosarcina sp. BIM B-1539, Arthrobacter sp. BIM B-1549 and Leifsonia rubra BIM B 215 

-1567, while for Flavobacterium degerlachei BIM B-1562 and Carnobacterium funditum BIM B -216 

1541 peculiar cell morphology in the form of threads was more characteristic (Figure S1 in SM). 217 

The result of Gram staining for the green snow bacteria were previously reported (Smirnova et al., 218 

2021) and indicated that among forty-five isolates, thirty-three isolates were Gram-positive, and 219 

twelve isolates were Gram-negative. Thus, in total, in this study forty-four were Gram-positive, and 220 

thirty isolates were Gram-negative. 221 

To perform explorative characterization of temperature-triggered alterations of cellular 222 

biomolecules, bacteria were grown in BHI nutrient-rich broth medium. Notably, the growth 223 

performance of some bacteria under disparate temperature conditions in broth media differed from 224 

previous observations made on agar media. Among the studied bacteria, fifty-five showed good 225 

growth at all three temperatures used, while eight isolates did not exhibit growth at temperatures 226 

5°C or/and 15°C. Additionally, fifteen isolates were only able to grow at 25°C (Table 1). 227 

Proteobacteria demonstrated robust growth across a range of tested temperatures, with the 228 

exception of psychrophilic strains from genera Polaromonas and Psychrobacter, which were 229 

unable to grow at 25°C. In contrast some Actinobacteria (Salinibacterium and 230 

Paeniglutamicibacter) and Firmicutes (Carnobacterium) exhibited greater temperature sensitivity. 231 

Psychrophilic bacteria were defined by their ability to thrive at a maximum growth temperature 232 

18°C and didn’t grow at 25°C based on previous definition done by (Morita, 1975).  233 

It can be seen that growth ability at different temperatures was more genera and specie-specific. 234 

For example, Actinobacteria from genus Salinibacterium were not able to grow in liquid culture at 235 

5 and 25°C but grew well on agar media (Smirnova et al., 2022). Strains from genus 236 

Salinibacterium and some species such as Leifsonia rubra and Facklamia tabacinasalis exhibited 237 

heightened susceptibility to both high (25°C) and low (5°C) temperatures, with better growth 238 

occurring exclusively at 15°C. Strains within genera Polaromonas, Psychrobacter, 239 

Flavobacterium, Carnobacterium, Rhodococcus, Salinibacterium, Paeniglutamicibacter were 240 

identified as psychrophiles (didn’t grow at 25°C), according to their growth in broth media. On the 241 

other hand, some psychrophilic strains within genera Psychrobacter, Arthrobacter, Cryobacterium 242 
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and Leifsonia did not appear to be psychrophilic when grown in broth media and displayed an 243 

ability to withstand 25°C (Table 1).  244 

Changes in total lipid content 245 

The BHI broth is rich and complex medium that may contain some lipidic compounds which may 246 

affect lipid profile of bacteria. In order to exclude this, we analysed the overall biochemical 247 

composition of BHI broth by FTIR spectroscopy and we did not observe any lipid-related peaks on 248 

FTIR spectra, especially the peak at 1745 cm-1 related to C=O vibrations in lipids and used for 249 

estimating relative total lipid content, was not detected (Figure S9 in SM).  250 

Total lipid content for two Gram groups differed, where Gram-negative bacteria exhibited in 251 

average a higher total lipid content compared to Gram-positive bacteria (Figure S14 in SM).Further, 252 

Proteobacteria displayed the highest total lipid content compared to other phyla. However, main 253 

variability in total lipid content was observed among genera within a single phylum and among 254 

species within a single genus. (Figure S2 in SM). Bacterial isolates from genera Pseudomonas, 255 

Shewanella, Leifsonia and Salinibacterium showed relatively high total lipid content from 10 to 19 256 

%w/w (% of cell dry weight) (Figure 1 and Figure S2 in SM). The highest total lipid content was 257 

recorded for Pseudomonas isolates grown at 15°C, where Pseudomonas peli strains showed the 258 

highest values (Figure 1 and Figure S2 in SM). Bacteria from genera Polaromonas, Psychrobacter, 259 

Acinetobacter, Brachybacterium, Micrococcus, Facklamia and Sporosarcina had relatively low 260 

total lipid content, below 6 %w/w, and for all other bacteria it was between 6 and 10 %w/w (Figure 261 

1). It was observed that total lipid content was more genera-specific with an exception of genus 262 

Pseudomonas, where it considerably varied from 6 to 19 % w/w between different species (Figure 1 263 

and Figure S2 in SM). 264 

Average total lipid content was higher at 15°C compared to growth at 5/25°C but big variation 265 

between the genera were observed (Figure S14 in SM). The effect of temperature on the total lipid 266 

content was found to be genus and species specific, with no common effect observed at phylum or 267 

Gram-group level. Additionally, genus- and species-specific changes can be seen, where bacterial 268 

strains of the same genus or species showed similar temperature-induced changes. For example, 269 

total lipid content increased for all isolates Shewanella, Micrococcus and Rhodococcus when grown 270 

at 5°C/15°C, and for Pseudomonas, Arthrobacter, Cryobacterium, Leifsonia, Salinibacteriu and 271 

Carnobacterium at 15°C (Figure 1 and Figure S2 in SM). Species-specific temperature-triggered 272 

changes were observed for Shewanella baltica, Pseudomonas lundensis, Leifsonia antarctica, 273 

Cryobacterium soli (Figure S2 in SM).  274 

Psychrophilic Proteobacteria related to Polaromonas, Psychrobacter genera exhibited the lowest 275 

total lipid content, as depicted on Figure S2 in the supplementary material. Within the phylum 276 

Actinobacteria, the majority of psychrophilic strains showed total lipid content similar to 277 

psychrotrophic bacteria. In contrast, psychrophilic bacteria from phylum Firmicutes displayed 278 

lower total lipid content at 15°C. Our comparative analysis of psychrophiles and psychrotrophs 279 

revealed that for most of the tested strains alterations in the total lipid content were similar as for 280 

psychrotrophic bacteria. Generally, little effect of temperature on the total lipid content was 281 

observed for the studied Antarctic psychrophilic strains, that is an indication of remarkable stability 282 

of the total lipid content across the range of temperatures tested for these bacteria. 283 

Interestingly, lipid content of Proteobacteria from genera Polaromonas, Psychrobacter and 284 

Acinetobacter was consistent regardless of cultivation temperature, and only few strains showed a 285 

slight increase at 25°C (Figure 1 and Figure S2 in SM). Pseudomonas sp. strain BIM B-1635 was 286 

unique, with a relatively high increase of total lipid production at high temperatures (16 %w/w at 287 

25°C, compared to 10 %w/w at 5°C) (Figure S2 in SM). 288 
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Temperature effect on taxonomic diversity of fatty acid profile 289 

PCA of the GC data showed a clear distribution of the samples in the first principal component 290 

(PC1) mainly according to Gram groups and it was associated with the content of br-SFAs/n-291 

SFAS/n-MUFAs (Figure 2A). Majority of Gram-positive bacteria clustered together mainly due to 292 

the presence of br-SFAs and unknown FAs. Genus Rhodococcus from phylum Actinobacteria, and 293 

genera Facklamia and Carnobacterium from phylum Firmicutes were grouped with Gram-negative 294 

bacteria since they had n-MUFAs as a major group of FAs (Figure 2A). The loading plot showed 295 

that the dissimilarities in the production of cyclic and hydroxy FAs in some Pseudomonas strains 296 

were responsible for the differences observed along the second principal component (PC2) axis 297 

(Figure 2B). Moreover, the PC1 axis shows differences caused by the temperature (Figure 2A), 298 

which were more apparent for Actinobacteria than for Firmicutes and Proteobacteria. For example, 299 

among Actinobacteria genera, Cryobacterium strains grown at different temperatures were 300 

clustered separately from each other, and Arthrobacter and Leifsonia strains cultivated at 5°C 301 

clustered separately from overlapping strains grown at 15°C and 25°C (Figure 2A). Temperature-302 

based clustering was also observed for some Proteobacteria genera, for example, Shewanella and 303 

Pseudomonas, but it was more specie-specific, and overlapping between different species can be 304 

seen. Also, it could be seen from the loading plot that PUFAs did not play a significant role in the 305 

clustering along PC1 (Figure 2B). 306 

In order to deeply assess the main taxonomy-aligned similarities and differences in overall fatty 307 

acid profile as well as temperature-induced changes, fatty acid GC data were categorized into 308 

several groups according to (1) fatty acid chain length, including short-chain fatty acids (SCFAs) 309 

containing less than 6 carbon atoms, medium-chain fatty acids (MCLFAs) containing 7-12 carbon 310 

atoms, long-chain fatty acids (LCFAs) containing 13-21 carbon atoms and very long-chain fatty 311 

acids (VLCFAs) containing 22-24 carbon atoms, (2) fatty acid structural characteristics, including 312 

PUFAs (polyunsaturated fatty acids), n-SFAs (non-branched saturated fatty acids), br-SFAs 313 

(branched saturated fatty acids), n-MUFAs (non-branched monounsaturated fatty acids), hydroxy-314 

FAs (hydroxy fatty acids), and cyclic-FAs (cyclic fatty acids), (3) geometric isomerism (cis-/trans- 315 

FA) and (4) type of branching (iso-/anteiso- FA). Only FAs with the content higher than 1% we 316 

included in the analysis. 317 

The analysis of the fatty acids’ chain length profile revealed that LCFAs containing 13-21 carbon 318 

atoms are the most common type of FAs (60-98%) present in the studied Antarctic bacteria (Table 319 

2). MCLFAs containing 7-12 carbon atoms were present in a relatively small amount (3-11%) in 320 

Proteobacteria from genera Pseudomonas, Acinetobacter, Shewanella and in Bacteroidetes from 321 

genus Flavobacterium, where the highest amount was observed for Pseudomonas and 322 

Flavobacterium strains and it increased with increase of the growth temperature. VLCFAs 323 

containing 22-24 carbon atoms were present in a small amount as well (up to 7%) in Actinobacteria 324 

from genera Rhodococcus, Micrococcus, Brachybacterium, all Firmicutes bacteria and 325 

Proteobacteria from genus Acinetobacter. The amount of VLCFAs increased at elevated cultivation 326 

temperatures (15 or 25°C) for Rhodococcus and decreased for other genera (Table 2). SCFAs 327 

containing less than 6 carbon atoms were not detected in noteworthy amounts in the studied 328 

bacteria.  329 

The analysis of fatty acid profile based on the structural characteristics, showed that all Gram-330 

positive bacteria, except Rhodococcus from phylum Actinobacteria as well as Facklamia and 331 

Carnobacterium from phylum Firmicutes had branched fatty acids (br-SFAs) as predominant ones 332 

(Figure 3 and 6 and Figure S3 – S5 in SM). Interestingly, all Gram-positive bacteria were grouped 333 

into two groups according to their temperature-induced changes of br-SFAs: Actinobacteria from 334 

genera Agrococcus, Arthrobacter, Brachybacterium, Cryobacterium, Leifsonia and 335 
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Paeniglutamibacter showed a continuous increase in br-SFAs with elevating growth temperature, 336 

while Salinibacterium and Sporosarcina from phylum Firmicutes exhibited the opposite response 337 

(Figure 3 and 6 and Figure S3 – S5 in SM). 338 

All Proteobacteria, except Shewanella, had straight-chain monounsaturated fatty acids (n-MUFAs) 339 

and non-branched saturated fatty acids (n-SFAs) as a major group of FAs at all studied temperatures 340 

(Figure 3 and 6 and Figure S3 – S5 in SM). Bacteria from genera Shewanella and Flavobacterium 341 

from phyla Proteobacteria and Bacteroidetes, respectively, had br-SFAs present in their profile, 342 

which were not detected for other Gram-negative bacteria. For all Gram-negative bacteria the 343 

quantity of n-MUFAs was increasing with the temperature decrease, and the highest quantity was 344 

detected at 5°C. The quantity of n-SFAs in Gram-negative bacteria increased with temperature and 345 

reached maxima at 25°C (Figure 3 and 6 and Figure S3 – S5 in SM). Shewanella strains had n-346 

MUFAs as major FAs when grown at 5°C, and br-SFAs when grown at 15 and 25°C, respectively. 347 

No effect of temperature was detected for Polaromonas genus. Interestingly, similar fatty acid 348 

profile and temperature responses were observed between Proteobacteria and Actinobacteria from 349 

genus Rhodococcus and Firmicutes from genera Facklamia and Carnobacterium (Figure 3 and 6 350 

and Figure S3 – S5 in SM). 351 

Small amount of hydroxy-FA was recorded in Antarctic bacteria and mostly for some Gram-352 

negative bacteria from Proteobacteria and Bacteroidetes phyla. For example, Proteobacteria from 353 

genus Pseudomonas and Bacteroidetes from genus Flavobacterium were characterized by higher 354 

OH-FA production at higher growth temperatures (15 and 25°C), up to 17% and 19 %, respectively 355 

(Figure 3 and 6 and Figure S3 – S5 in SM). Some Proteobacteria strains produced PUFAs, for 356 

example Pseudomonas sp. BIM B-1674 produced up to 18 % of PUFAs of the total fatty acid 357 

content, and Pseudomonas lundensis BIM B-1554 produced up to 10 % of PUFAs when grown at 358 

15 and 25°C, respectively (Figure 3 and 6 and Figure S3 – S5 in SM). Interestingly, for genus 359 

Cryobacterium it was detected an increase in the amount of PUFAs with the increase of growth 360 

temperature (Figure 3 and 6, and Figure S3 – S5 in SM). Small amounts of cyclic-FAs produced 361 

by Proteobacteria from the genus Pseudomonas increased with the increase of temperature. For 362 

example, Pseudomonas sp. BIM B-1674 produced up to 8 % of cyclic-FAs (Figure 3 and 6, and 363 

Figure S3 – S5 in SM). 364 

Distinct patterns in fatty acid profiles and temperature impact were observed for psychrophiles and 365 

psychrotrophs. Thus, fatty acid profiles of Polaromonas, Carnobacterium, and Rhodococcus 366 

psychrophilic strains remained unchanged at 5 and 15°C of cultivation. In contrast, fatty acid profile 367 

of the psychrophilic Flavobacterium and Psychrobacter strains was influenced by temperature, 368 

leading to an increase in n-SFAs and a decrease in n-MUFAs at 15°C compared to 5°C. For 369 

psychrotrophic strains from Paeniglutamibacter genera the proportion between br-SFAs and 370 

unknown FAs decreased at 5°C compare to 15°C (Figure S3 – S4 in SM). 371 

All Gram-negative bacteria were characterized by the production of cis-fatty acids (cis-FAs). 372 

Shewanella and Flavobacterium characterized by the lowest amount of cis-FAs among all studied 373 

bacteria. Among Gram-positive bacteria the production of cis-FAs was detected in both phyla, in 374 

phyla Actinobacteria for genus Rhodococcus and in phyla Firmicutes for Carnobacterium and 375 

Facklamia (Figure 5 and Figure S6-S8 in SM). The presence of trans- fatty acids (trans-FAs) was 376 

detected in small quantities (data not shown). A noticeable increase in the synthesis of cis-FAs 377 

along with the growth temperature decrease was noted for some Proteobacteria, especially for 378 

species of Pseudomonas, Shewanella, Acinetobacter, as well as for Flavobacterium from phylum 379 

Bacteroidetes (Figure 5 and Figure S6-S8 in SM). In contrast, the profile of Polaromonas remained 380 

unchanged regarding cis-isomerization (Figure 5 and Figure S6-S8 in SM). Among Gram-positive 381 
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bacteria, an increase in the production of cis-FAs was detected in Rhodococcus and 382 

Carnobacterium from phyla Actinobacteria and Firmicutes, respectively.  383 

Anteiso-FAs were more characteristic for Actinobacteria and for Sporosarcina from phylum 384 

Firmicutes. Iso-FAs were detected in small amount in all Actinobacteria, Firmicutes, and 385 

Bacteroidetes phyla and in Proteobacteria only genus Shewanella was characterized by the 386 

production of this type of FA. Mainly genus-specific temperature induced changes were observed, 387 

for example, for the genera Sporosarcina, Micrococcus, Arthrobacter it decreased with the 388 

temperature decrease. For the genera Paeniglutamicibacter, Leifsonia, Cryobacterium, and 389 

Agrococcus the opposite effect was observed. A clear increase in amount of iso-FAs was detected 390 

for the genera Shewanella, Agrococcus, Arthrobacter, Brachybacterium, Micrococcus, 391 

Paeniglutamicibacter with an increase in growth temperature, while Salinibacterium showed an 392 

opposite response (Figure 5 and Figure S6-S8 in SM). 393 

When comparing the ratios of cis-/trans- and iso-/anteiso- FAs in psychrophilic and psychrotrophic 394 

bacteria, it can be seen that psychrophilic Gram-negative Proteobacteria genus Polaromonas 395 

possess little change in the cis-/trans- FAs ratio, with cis-FAs being the predominant type. However, 396 

for bacteria from genus Psychrobacter the production of trans-FAs was detected at 15°C and not at 397 

5°C (Figure S6 and S7 in SM). Gram-positive Actinobacteria showed genus-specific changes 398 

similar to psychrotrophic bacteria. Thus Leifsonia strains had an increase in iso-FAs and a decrease 399 

in anteiso-FAs with temperature downshift. Interestingly, trans-FAs were not detected at 15°C in 400 

psychrophilic Rhodococcus erythropolis BIM B -1661 similarly as for psychrotrophic Rhodoccocus 401 

strains (Figure S6-S7 in SM). 402 

Using GC fatty acid profile, we tried to identify the most predominant fatty acids for different 403 

taxonomic groups, and we observed genera-specific differences. Thus, for Proteobacteria from 404 

genera Polaromonas and Pseudomonas a similar fatty acid profile with C16:1, C18:1n7c, and 405 

C16:0 as predominant FAs was observed. Other genera from this phylum, such as Psychrobacter 406 

and Acinetobacter share similar profiles, with C16:1 and C18:1n9c as predominant fatty acids, and 407 

Psychrobacter also having C17:0 as a third dominant fatty acid, while Acinetobacter has C16:0 as 408 

a third dominant fatty acid. Shewanella stands out with the most distinct profile compared to other 409 

genera from phylum Proteobacteria and it was characterized by i-C15:0, C16:1, and i-C13:0 as 410 

predominant fatty acids. Bacteroidetes phylum was represented by one genus Flavobacterium 411 

which showed a distinct fatty acid profile sharing some similarities with Gram-positive and Gram-412 

negative, and additionally, we observed other FAs in significant amounts, such as C15:0 and 2OH-413 

C14:0 (Figure 4). Among Gram-positive bacteria the majority of Actinobacteria, except for 414 

Rhodococcus, Paeniglutamicibacter, and Micrococcus, exhibit similar fatty acid profile with 415 

predominant FAs a-C15:0 and a-C17:0 (Figure 4). However, Paeniglutamicibacter and 416 

Micrococcus have a lower quantity of a-C17:0. On the other hand, Rhodococcus displays a 417 

completely different profile, resembling profile of Proteobacteria from genera Pseudomonas, 418 

Polaromonas, and Acinetobacter. Among Firmicutes, Carnobacterium and Facklamia have similar 419 

profile, with C16:1cis7 and C18:1n9c being as predominant FAs that also differs from 420 

Sporosarcina, which has predominant FAs a-C15:0 and C17:1 (Figure 4).  421 

For Gram-positive bacteria, some FAs were not identified with the use of external standards and 422 

the GC-MS library. The amount of these FAs was increasing with the decrease of growth 423 

temperature, so it can be assumed that these unknown FAs belong to a group of unsaturated 424 

unbranched FAs or unsaturated branched FAs (Figure 3 and 6 and Figure S3 – S5 in SM).  425 

Strain Leifsonia antarctica BIM B-1671 showed a fatty acid profile distinctly different from all 426 

other Leifsonia strains (Figure S3 – S5 in SM). This and other previously reported considerable 427 

similarities of the total cellular biochemical profile of this strain with Pseudomonas (Smirnova et 428 
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al., 2021; Smirnova et al., 2022) can be an indication of misidentification by 16S rRNA gene 429 

sequencing. 430 

Impact of temperature on the total cell chemistry  431 

Intact bacterial biomass obtained from the cultivation at different temperatures was analysed by the 432 

HTS-FTIR spectroscopy for evaluating changes in main cellular biomolecules, such as lipids, 433 

proteins and polysaccharides. Figure 7 shows the representative FTIR spectra of two Antarctic 434 

bacteria with low and high lipid content. On Figure 7, the primary spectral regions associated with 435 

lipids are 3100 – 2800 cm-1 (C-H), which indicates the presence of fatty acid chains in lipids, and 436 

1800 – 1700 cm-1 (C=O), which indicates the presence of triacyl glycerides, free fatty acids, or 437 

polyesters. The observed changes in these peaks exhibit a strong correlation with the changes in the 438 

total lipid content that was measured using GC-FID. 439 

Preprocessed FTIR spectra were analysed by PCA, and score and loading plots are displayed in the 440 

Figure 8. Along the PC1 axis, a clear separation resembling Gram-groups and less clear for phylum- 441 

and genera-based classification, and temperature effect could be seen (Figure 8A). Specifically, 442 

Gram-negative Proteobacteria predominantly had positive PC1 scores, while Gram-positive 443 

Actinobacteria predominantly had negative PC1 scores, bacteria from phyla Bacteroidetes and 444 

Firmicutes overlap with each other and other phyla (Figure S10 in SM). Furthermore, a clear 445 

separation along the PC1 axis was observed between Shewanella, Pseudomonas and Acinetobacter 446 

cultivated at different temperatures (Figure 8A). Both PC1 and PC2 appeared to be responsible for 447 

the dissimilarities between Gram-positive bacteria cultivated at different temperatures. Thus, a clear 448 

separation between bacteria grown at 5 and 25°C was observed for Arthrobacter, Psychrobacter, 449 

Carnobacterium, Cryobacterium and Leifsonia genera. The scores for bacteria cultivated at 15°C 450 

usually overlapped with scores for those cultivated at 5 or 25°C (Figure 8A). The loading plots on 451 

Figure 8B illustrate the weight of each original variable (wavenumbers) on the PCs and the 452 

contribution of each spectral feature. The separation along the PC1 axis was due to changes in the 453 

C=O stretching peak (amide I) in proteins at 1627 cm-1, P-O-C symmetric stretching peak probably 454 

related to phospholipids at 1083 cm-1, and C=O stretching in esters and aldehydes at 1709 cm-1 and 455 

1725 cm-1. The separation along the PC2 axis can be explained by the changes in the C-H (CH2) 456 

stretching in saturated lipids at 2924 and 2853 cm-1, C=O stretching of esters and aldehydes at 1742 457 

cm-1, CH2 bending in lipids with little contributions from protein (membrane lipids) at 1400 cm-1, 458 

and P-O-C symmetric stretching peak probably related to phospholipids at 1083 cm-1 (Figure 8B). 459 

The effect of temperature on C=O stretching region (1800-1700 cm-1) was evaluated and the 460 

increase in absorbance for the ester peak at 1743 cm-1 along with the temperature decrease was 461 

observed for Gram-positive Actinobacteria from genera Micrococcus and Rhodococcus (Figure 9). 462 

There was no temperature effect on ester peak detected for Firmicutes and all Gram-negative 463 

bacteria. An increase in the peak at 1712 cm-1 associated with C=O stretching in free FAs along 464 

with the decrease of cultivation temperature was detected for all studied bacteria except bacteria 465 

Firmicutes (Figure 9, S12 in SM). Some genus-specific changes were observed for Gram-negative 466 

bacteria, where Shewanella showed significant changes associated with the absorbance decrease 467 

for the ester peak at 1745 cm-1 and appearance of an additional peak at 1728 cm-1 was at 15°C 468 

(Figure 9).  469 

In the protein region (1700-1500 cm-1) the biggest effect of temperature was detected for amide I 470 

peak at 1640 cm-1 related to β-sheet structures of proteins, where an increase in absorbance was 471 

observed for majority of the studied Antarctic bacteria grown at higher temperatures. Further, 472 

genus-specific effect in the form of a shift to lower wavenumbers was recorded for Proteobacteria 473 

genera Shewanella and Pseudomonas and Firmicutes genus Carnobacterium at higher growth 474 

temperature (Figure 9). Bacteria from genus Rhodococcus showed equal amount of α-helical (peak 475 
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at 1656 cm-1) and β-pleated sheet (peak at 1640 cm-1) structures, whereas α-helical structures seem 476 

to dominate in all other bacteria (Figure 9). There was no effect of temperature detected for amide 477 

II peak associated with the vibrations of N-H plane amide groups at 1548 cm-1. 478 

The most significant temperature-triggered alterations were recorded in the mixed spectral region 479 

1500-900 cm-1, where signals related to carbohydrates, nucleic acids and phosphates are present. 480 

Effect of temperature on this region was considerable for all taxonomic levels (Figure 9 and Figure 481 

S11, Figure S12 in SM). Thus, an increase in intensity for several peaks in the mixed region (1400 482 

cm-1, 1240 cm-1 and 1083 cm-1) along with temperature decrease was recorded for majority of 483 

Proteobacteria, Bacteroidetes and Actinobacteria, while changes for Firmicutes were less intense. 484 

The most significant changes were detected for genera Pseudomonas, Psychrobacter, Shewanella, 485 

Acinetobacter, Leifsonia, Rhodococcus and Salinibacterium. Nearly all bacteria had changes in 486 

symmetric stretching peak at 1083 cm-1 which was significantly higher with temperature decrease 487 

(Figure 9).  488 

An increase in absorbance for the peak at 1400 cm-1, related to -CH2 bending vibrations in lipids at 489 

lower cultivation temperatures was observed for Bacteroidetes and several genera of Actinobacteria 490 

such us Arthrobacter, Leifsonia Micrococcus and Carnobacterium (Figure 9).  491 

Compositional analysis based on the estimation of ratios using FTIR spectra 492 

To evaluate the effect of growth temperature and estimate the relative content of the main cellular 493 

components in bacterial biomass, several ratio-based parameters were effectively estimated. Protein 494 

peak at 1654 cm-1 (amide I) could be considered as a relatively stable component as it can be seen 495 

on Figure 9 and it was used to estimate the relative content of lipids and phosphorus containing 496 

components in the same way as it was previously done for microalgae (Dean et al., 2010) and fungi 497 

(Dzurendova et al., 2021). The following ratio parameters were calculated: (1) lipid to protein ratio 498 

(L/P), allowing to estimate relative total lipid content, was estimated by using ester bond C=O 499 

stretching peak at 1743 cm-1 and protein amide I peak at 1654 cm-1; (2) ratio of phosphorus 500 

containing components over proteins (P/P), determining the total content of phospholipids and to 501 

less extent nucleotides, was estimated using P-O-C symmetric stretching peak at 1083 cm-1, 502 

probably related to phospholipids and amid I peak at 1654 cm-1. 503 

Overall, the highest L/P ratio was observed for Gram-positive bacteria from Actinobacteria from 504 

genera Rhodococcus and Paeniglutamicibacter, and among Gram-negative Proteobacteria from 505 

genera Polaromonas and Pseudomonas, while the lowest L/P ratio was detected for Acinetobacter, 506 

Flavobacterium and Brachybacterium from phyla Proteobacteria, Bacteroidetes and 507 

Actinobacteria, respectively (Figure 10). The L/P ratio for Actinobacteria genera Rhodococcus, 508 

Paeniglutamicibacter, Micrococcus and Arthrobacter and Bacteroidetes genus Flavobacterium 509 

was significantly increasing along with temperature decrease. An opposite effect was observed for 510 

all Proteobacteria except genus Shewanella, Firmicutes genera Sporosarcina and Carnobacterium 511 

and Actinobacteria genera Agrococcus and Salinibacterium, where L/P ratio was rising with 512 

temperature increase (Figure 10). Interestingly, L/P ratio for Shewanella was lower at 15°C than at 513 

5°C and 25°C (Figure 10). A significant effect of temperature on phospholipids and other 514 

phosphorus containing compounds was detected. Thus, for all Gram-negative bacteria and majority 515 

of Gram-positive bacteria except Agrococcus and Carnobacterium a significant increase in P/P 516 

ratio with temperature downshift was observed.  517 

Pearson correlation coefficient (r) was calculated to examine the relationship between the L/P ratio 518 

and total lipid content (Figure S13 in SM). The correlation coefficient for the entire dataset was 519 

found to be 0.36. When comparing Gram-negative and Gram-positive bacteria, a higher correlation 520 

coefficient was observed for Gram-negative bacteria (r = 0.63) compared to Gram-positive bacteria 521 
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(r = 0.26) (Figure S13A in SM). When comparing correlation for different phyla, Bacteroidetes had 522 

the highest correlation (1), then Proteobacteria (0.59) and then Firmicutes (0.56) and the lowest was 523 

for Actinobacteria (0.15). When comparing different genera within the Gram-negative group, the 524 

highest correlation coefficients were found for Psychrobacter (0.59) and Pseudomonas (0.57). 525 

Among the Gram-positive, the highest correlation coefficients were found for Rhodococcus (0.89), 526 

Carnobacterium (0.88), Salinibacterium (0.80), and Leifsonia (0.65), whereas the lowest 527 

coefficient was observed for Cryobacterium (0.13) (Figure S13C in SM). Some genera showed 528 

weak positive or negative linear relationships: Arthrobacter (-0.05), Cryobacterium (0.13), 529 

Shewanella (0.10). Further analysis revealed that the correlation coefficient decreased along with 530 

temperature decrease, where at 25°C, the coefficient was 0.71, at 15°C it was 0.44, and at 5°C it 531 

dropped to 0.09 (Figure S13B in SM). The correlation within each genus varies for cultivation at 532 

different temperatures. However, for the majority of genera, there is an increase in correlation at 533 

higher temperatures (Figure S13D-G in SM). 534 

Discussion 535 

Microorganisms respond to changing environmental conditions by activating their adaptation 536 

mechanisms. Polar regions are extreme environments and characterized by the presence of several 537 

stress factors, such as nutrient limitation, salinity, water availability, fluctuations in temperature 538 

and UV radiation (Rothschild and Mancinelli, 2001; Thomas and Dieckmann, 2002). Due to that, 539 

bacteria inhabiting polar regions may have unique adaptation mechanisms allowing them to survive 540 

and develop in these conditions (BarriaMalecki and Arraiano, 2013; De Maayer et al., 2014; Mocali 541 

et al., 2017; Tribelli and López, 2018; Singh, 2022). Cold-adapted bacteria has been extensively 542 

studied for decades, while most of the reported studies focus on very targeted biomolecules. The 543 

explorative characterization covering several biomolecules allowing to obtain more comprehensive 544 

knowledge have not been previously performed for cold-adapted bacteria. This study reports, for 545 

the first time, comprehensive taxonomy-aligned characterization of the total cellular biomolecules 546 

profile (lipids, proteins, and polysaccharides) for seventy-four Antarctic bacteria isolated from 547 

green snow and meltwater ponds. In addition, we show what changes occur for different cellular 548 

biomolecules when these bacteria grow at different temperatures and how these alterations vary for 549 

different taxonomic groups. Important to highlight that set of bacteria used in the study is not 550 

balanced according to different taxonomic units. For example, nine genera were represented by 551 

only one specie, phylum Bacteroidetes was represented by one and Firmicutes by five species. 552 

Therefore, comparison of the achieved results on phylum and genus level is limited by this set of 553 

bacteria and could not be used to draw any general conclusions. While in the case of  Gram-groups 554 

we had quite balanced distribution where forty-four strains were Gram-positive, and thirty strains 555 

were Gram-negative, therefore, comparison according to Gram can be used to draw general 556 

hypothesis.  557 

Research  on bacteria from the Antarctic snow and meltwater pounds is important for the prediction 558 

of future climate-associated changes in this region. Extensive formation of meltwater pounds in 559 

Antarctica results in a higher absorption of solar energy due to the dark color of the meltwater ponds 560 

that may lead to a quicker heat transfer to soil (PerovichTucker III and Ligett, 2002; Stokes et al., 561 

2019).  Soil in Antarctica and other polar and alpine regions exhibit notable heterogeneity of 562 

bacterial communities which play a significant role in these environments (WiebeSheldon Jr and 563 

Pomeroy, 1992). Increase in appearance of the meltwater ponds and their long-term existence due 564 

to the climate change and longer summers may lead to a change in soil microbiota.    565 

Previously it has been shown  that majority of Antarctic bacteria are psychrotrophic (Ray et al., 566 

1998) that was also observed in this study. Psychrotrophic bacteria are well adapted to cold 567 

environments but can also survive and function at moderate temperatures (Ilicic et al., 2023). A 568 
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previous study proposed that key factors influencing microbial distribution in Antarctic ecosystems 569 

are temperature and nutrient availability where increasing temperature potentially stimulating 570 

bacterial growth (WiebeSheldon Jr and Pomeroy, 1992). However, opposite results have also been 571 

reported (Hodson et al., 1981). In our study, we demonstrate that majority of isolated Antarctic 572 

bacteria can thrive across a wide range of temperatures, from 4°C to 30°C and even 37°C, showing 573 

their extraordinary high metabolic plasticity.   574 

To perform biomolecular characterization of the studied Antarctic bacteria grown at different 575 

temperatures we have selected BHI broth medium. Despite the differences in growth characteristics 576 

between BHI agar and BHI broth, BHI broth nutrient-rich medium was selected due to its ability to 577 

provide a well-mixed and uniform environment for bacterial growth and to mitigate the impact of 578 

nutrient limitations (Bonnet et al., 2020). This medium was effective in supporting growth of all 579 

studied bacteria as well as evaluating the overall temperature's effect on total lipid content, fatty 580 

acid profile and total cellular biochemical profile as it was previously reported (Smirnova et al., 581 

2021; Smirnova et al., 2022), while to identify potentially oleaginous bacteria, high C/N media are 582 

necessary to use. This medium was also chosen due to the lack of lipids since they could potentially 583 

affect the fatty acid profile of bacteria, as many bacteria have an ability to incorporate lipids into 584 

their cell membranes (Yao and Rock, 2017). Studied Antarctic bacteria are fast-growing as it was 585 

previously reported (Smirnova et al., 2021; Akulava et al., 2022), therefore we cultivated them for 586 

7 days until they reach stationary phase. According to the literature the biggest differences in cell 587 

chemistry is happening between lag, log and stationary phases and stationary phase considered as 588 

the most chemically stable (Kochan et al., 2020). It was also shown in previous works on 589 

filamentous fungi that after 3 days of fermentation the fatty acid composition stabilizes (Kosa et 590 

al., 2017a). 591 

It has been previously reported that alterations in total lipid content of bacterial cells, as well as 592 

their fatty acid composition, are one of the main adaptation mechanisms to continuously changing 593 

temperature conditions. Due to the fact that fatty acid composition is used as an important 594 

biomarker for identifying, classifying and differentiating closely related bacterial species (Sasser, 595 

1990), the alterations in lipids are often taxonomy-specific, and differ from genus to genus and 596 

specie to specie. Determining temperature-associated changes of lipids in bacteria is particularly 597 

important for gaining insights into their physiology, diversity (De Carvalho and Caramujo, 2014), 598 

resistance mechanisms (Dunnick and O'Leary, 1970) and taxonomic relationships.  599 

In this study we observed that total lipid content and its alterations triggered by temperature changes 600 

are mainly species-specific, and it can vary considerably. For example, total lipid content in 601 

Pseudomonas species varied from 6 to 19 %w/w. Further, a clear difference in the total lipid content 602 

between genera of the same phylum was recorded, where genera Pseudomonas and Shewanella 603 

from phylum Proteobacteria were characterized by the highest lipid production. For example 604 

Pseudomonas peli strains had lipids from 12 to 19 %w/w, depending on the strain and growth 605 

temperature. Such a high lipid content in Pseudomonas peli was not reported previously, according 606 

to the authors’ knowledge, and it can be also explained by the possible production of polyesters 607 

(Röttig and Steinbüchel, 2016). For Pseudomonas leptonychotis, total lipid content ranged from 12 608 

to 14 %w/w, and for Shewanella baltica from 10 to 12 %w/w, that was consistent with other 609 

Shewanella strains described in the literature (Zhang and Burgess, 2017). In overall, the obtained 610 

results are in accordance with the previously reported, and can be explained by the fact that Gram-611 

positive bacteria have naturally higher peptidoglycan content, whereas Gram-negative bacteria 612 

have higher lipid content (Feijó Delgado et al., 2013; Tripathi and Sapra, 2020). Gram-negative 613 

bacteria have an outer membrane, in addition to their inner membrane, which composed of 614 

lipopolysaccharides (LPS) and phospholipids that can contribute to the higher lipid content. 615 

Interestingly, in our study we observed that certain Gram-negative bacteria possess low lipid 616 
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amounts comparable or even lower to those found in Gram-positive bacteria, as for example it was 617 

for Polaromonas, Psychrobacter and Acinetobacter. An increase in total lipid content with 618 

temperature decrease was detected for the majority off bacteria tested except for some Arthrobacter 619 

and Pseudomonas species. This adaptation mechanism was previously shown by other researchers 620 

(HunterOlawoye and Saynor, 1981). 621 

Fatty acid profiling by GC-FID and GC-MS indicated Gram- and taxon-related differences in the 622 

fatty acid composition for the studied Antarctic bacteria. Overall, the obtained results correlated 623 

well with the previously reported (Zhang and Rock, 2008; BajerskiWagner and Mangelsdorf, 2017; 624 

Hassan et al., 2020; Mező et al., 2022). Thus, most of the Gram-positive bacteria were characterized 625 

by the high content of br-SFAs, with exception of Rhodococcus, Facklamia and Carnobacterium, 626 

while Gram-negative bacteria were characterized by the high content of n-MUFAs, with exception 627 

of Shewanella, these observations are in accordance with previously reported results (Garba et al., 628 

2016).  629 

Chain length in phospholipid tails impacts membrane fluidity. Shortening the average acyl chain 630 

length lowers the temperature limit at which the transition from a liquid-crystalline to a gel phase 631 

occurs. This adaptation helps to maintain membrane fluidity, which is essential for the survival and 632 

growth of bacteria (Russell, 2002). In this study, we observed that long-chain fatty acids (LCFAs) 633 

are the predominant type of FAs for all the studied bacteria as it was previously shown (Řezanka 634 

and Sigler, 2009; Mező et al., 2022). Earlier it was reported that the production of MCFAs can 635 

naturally occur in both Gram-negative and Gram-positive bacteria (Ahn et al., 2023) and we 636 

detected production of medium-chain fatty acids (MCFAs) in trace amounts in mainly Gram-637 

negative bacteria from genera Pseudomonas, Shewanella, Acinetobacter, and Flavobacterium. 638 

Furthermore, we found that the production of MCFAs increased along with temperature increase 639 

for genera Pseudomonas, Acinetobacter, and Flavobacterium. It is known that both saturated and 640 

monounsaturated VLCFAs are present in almost all organisms but predominantly found in very 641 

small quantities (KyselováVítová and Řezanka, 2022). We detected presence of VLFAs in all 642 

bacteria and few Gram-positive bacteria, specifically those from the genera Micrococcus and all 643 

Firmicutes exhibited relatively high production of very long-chain fatty acids (VLCFAs). In the 644 

case of Rhodococcus it could originate from the mycolic acids layer present in the cell wall and 645 

similar results were previously reported for this genus (NishiuchiBaba and Yano, 2000). Overall, 646 

increase in the production of VLCFAs with temperature decrease was observed for majority of the 647 

studied bacteria. For some bacteria the amount of VLCFAs increased from 5°C to 15°C and 648 

decreased from 15°C to 25°C.  649 

Further, higher cultivation temperatures led to an increase in the amount of br-SFAs in Gram-650 

positive bacteria and n-SFAs in Gram-negative bacteria, while lower temperatures led to an increase 651 

in the amount of n-MUFAs in all Gram-negative bacteria, and Gram-positive Rhodococcus and 652 

Carnobacterium. In some cases, different genera from the same phylum showed distinct fatty acid 653 

profiles varying from the common Gram-specific pattern. Thus, Shewanella strains contained br-654 

SFAs that were not detected for bacteria from other Proteobacteria genera but was previously shown 655 

in the literature (SkerrattBowman and Nichols, 2002). Furthermore, a significant effect of 656 

temperature on the fatty acid (FA) profile of Shewanella was detected, indicating a high adaptability 657 

of this bacteria to environmental changes what was also pointed out by other researchers 658 

(SkerrattBowman and Nichols, 2002; Wang et al., 2009; Kloska et al., 2020). While n-MUFAs 659 

were major FAs when Shewanella strains were grown at 5°C, br-SFAs where predominant when 660 

the strains were grown at 15 and 25°C. The presence of br-SFAs was also detected in 661 

Flavobacterium from Bacteroidetes phylum. We also observed that Gram-positive Actinobacteria 662 

from genus Rhodococcus and Firmicutes from genera Facklamia and Carnobacterium had fatty 663 
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acid profile similar to Proteobacteria and were characterized by the predominance of n-MUFA and 664 

n-SFAs. 665 

Besides the temperature-triggered changes in the main fatty acids, we also observed temperature-666 

dependent production of some minor fatty acids. For example, hydroxy fatty acids (OH-FA) 667 

detected in Pseudomonas and Flavobacterium and previously reported for these genera (Yano et 668 

al., 1976; Mező et al., 2022) showed an increase with the temperature decrease, which was in 669 

agreements with the previously reported results (LaliLingfa et al.; KumarJagannadham and Ray, 670 

2002; Mező et al., 2022). The hydroxyl groups of these FAs are likely to serve a similar function 671 

as the branched fatty acids in phospholipid membranes, helping to maintain the membrane's viscous 672 

state at lower temperatures (LaliLingfa et al.; KumarJagannadham and Ray, 2002; Mező et al., 673 

2022). Small amount of cyclic fatty acids (cyclic-FA) produced in Pseudomonas increased with the 674 

increase of cultivation temperature that could be due to that cyclic fatty acids stabilize the 675 

membranes of bacteria by reducing the fluidity improving its resistance to environmental stress. 676 

Production of cyclic fatty acids in small amounts has been found previously in Gram-negative 677 

bacteria (Caligiani and Lolli, 2018). Some strains produced PUFAs, for example Pseudomonas sp. 678 

BIM B-1674 produced up to 18 % of PUFAs of the total fatty acid content, Pseudomonas lundensis 679 

BIM B-1554 produced up to 10 % of PUFAs when grown at 15 and 25°C. Production of PUFA by 680 

Antarctic bacteria was previously reported (NicholsNichols and McMeekin, 1993; Jadhav et al., 681 

2010). Interestingly, we did not observe increase in PUFA production at low temperature as its 682 

often reported. And even for some Gram-positive bacteria we observed an opposite pattern of 683 

PUFA increase along with temperature increase. In this study, the production of PUFAs in 684 

Shewanella baltica, a specie previously positioned for PUFA production (Gentile et al., 2003) was 685 

not observed, that could be attributed to the preference of alternative mechanisms for maintaining 686 

membrane fluidity. The ratio between branched saturated fatty acids (br-SFAs) and non-methylene 687 

interrupted n-MUFAs significantly decreased with decreasing temperature, indicating a different 688 

adaptation strategy for membrane stability as it was mentioned above. 689 

In addition to traditional GC techniques, we utilized FTIR spectroscopy for expanding knowledge 690 

on changes in lipids and other cellular components triggered by temperature. FTIR can provide 691 

information on the relative total lipid content, chain length and unsaturation of lipids, presence of 692 

different lipid classes, such as acyl glycerides, free fatty acids, polyesters, and it has been widely 693 

used for lipid analysis (Dean et al., 2010; Derenne et al., 2013; Shapaval et al., 2014; Forfang et al., 694 

2017; Kosa et al., 2017a; Kosa et al., 2017b; Kosa et al., 2018a; Kosa et al., 2018b; Shapaval et al., 695 

2019). In addition, FTIR spectroscopy is an ideal tool for mapping the total cellular biochemical 696 

profile as it provides information on all main biomolecules: lipids, proteins, polyester, 697 

polysaccharides, phosphorus-based compounds such as phospholipids, polyphosphates etc. 698 

(Kamnev, 2008; Alvarez-Ordóñez et al., 2011).  699 

FTIR analysis of the bacterial biomass obtained after cultivation at different temperatures showed 700 

some genera-specific differences. For example, Rhodococcus bacteria had the highest intensity of 701 

peaks related to -C-H (CH2) stretching and presence of peak =C-H stretching of cis-alkene HC=CH 702 

group found in polyunsaturated lipids that could be connected to the possible production of mycolic 703 

acids (Liu et al., 1996) or triacylglycerols (TAGs) (Alvarez et al., 2021) what was also detected by 704 

gas chromatography. Spectra of Flavobacteria, Shewanella and Acinetobacter showed an 705 

additional peak at 1728 cm-1 often associated with the presence of polyesters (Kamnev et al., 2021) 706 

and could indicate about production of PHAs (Christensen et al., 2023), and exploring these bacteria 707 

further would be important as bacterial polyesters are important source of bioplastic. 708 

FTIR analysis has shown that temperature fluctuations may induce considerable genera-specific 709 

changes in protein structure for some bacteria, as for example, Shewanella, Pseudomonas and 710 



17 

 

Carnobacterium, where a shift to lower wavenumbers was detected for amide I peak at 1640 cm-1 711 

related to β-sheet structures of proteins. This might be associated with the decrease in the strength 712 

of the hydrogen bond of proteins due to the changes in protein conformation under temperature 713 

stress. For example, a decrease in hydrogen bond strength can be observed for the amide I band 714 

when proteins are denatured. However, it is important to note that shifts in the protein region can 715 

also be influenced by other factors, such as changes in protein-protein or protein-ligand interactions 716 

(Barth and Zscherp, 2002). 717 

The most significant temperature related alterations were recorded for the mixed region 1200-900 718 

cm-1, where signals related to carbohydrates, nucleic acids and phosphates are expected. Changes 719 

in this region were detected for all bacteria. The spectral region between 1200 and 900 cm-1 is rich 720 

in signals originating from various components, such as DNA, phospholipids, and complex sugar 721 

modes. Within this range, there are distinct and strong absorbance bands that have been observed 722 

in different bacteria and attributed to specific components of the cell wall (Kochan et al., 2018). As 723 

it was previously shown by (Kochan et al., 2018) phosphodiester groups (found in DNA, 724 

phospholipids, and teichoic acids/ lipoteichoic acid) create bands at around 1080 cm−1 and 1220 725 

cm−1 for symmetric and asymmetric PO2− stretching vibrations. Cell wall in Gram-positive bacteria 726 

contain teichoic acids/ lipoteichoic acid as an additional phosphate compound compared to Gram-727 

negative cell walls. Phospholipids in the inner membrane of Gram-positive bacteria may also 728 

contribute, but to a lesser extent. Gram-negative bacteria have more phospholipids in their 729 

additional outer membrane. Overall, Gram-positive bacteria have higher phosphodiester content, 730 

while Gram-negative bacteria have more phospholipids.  731 

Estimation of various ratio parameters using FTIR spectra showed that alterations in the L/P ratio 732 

were strictly genus-specific and correlated well with the GC-FID results of the total lipid content 733 

that is an additional proof of high sensitivity of FTIR spectroscopy for lipid analysis. These results 734 

indicate that temperature adaptation involves not only alterations in lipids but also modifications in 735 

proteins structure, with minimal impact on protein concentration in cells. A significant effect of 736 

temperature on phospholipids and other phosphorus containing compounds was detected by 737 

calculating the 1083/1654 ratio. For all studied bacteria except Salinibacterium and 738 

Carnobacterium a significant increase in the ratio between phosphorus-based compounds and 739 

proteins with temperature downshift was observed. The increased production of phosphorus 740 

containing compounds at low temperatures may have connection to the increased synthesis of 741 

phospholipids, as it was shown by Gao et al. (Gao et al., 2019). In that study, they observed an 742 

increase of total lipids and phospholipids in Shewanella putrefaciens along with temperature 743 

decrease. On the other hand, they noticed a decrease of glycerolipids, sphingolipids, and 744 

saccharolipids at lower temperatures. This suggests a possible shift in lipid composition towards an 745 

increased proportion of phospholipids in response to lower temperatures. Also, an increase in 746 

absorbance for the peak responsible for phosphorus containing compounds at 1083 cm-1 for some 747 

bacteria at lower temperature could have a connection to an increase in total content of nucleic acids 748 

in bacterial cells that could be related to fluctuations in growth rate (Bates et al., 1985; Kochan et 749 

al., 2020).  750 

A dataset obtained from measurements using a single technique can only provide insights from a 751 

single perspective. In this study, we employed a combination of analytical techniques – HTS-FTIR, 752 

a rapid non-destructive technique, and GC, a traditional analytical technique, to examine alterations 753 

in lipids and other biomolecules of Antarctic bacteria grown at different temperatures. The results 754 

from the correlation analysis show that for majority of the studied bacteria, correlation between the 755 

L/P ratio measured by FTIR spectroscopy and total lipid content measured by GC had moderate (r 756 

around 0.6) or strong (r around 0.8) linear relationships. The correlation within each genus varied 757 
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after cultivation at different temperatures. However, for majority of the genera, there is a higher 758 

correlation at moderate temperature (25°C) compared to 5 and 15°C.  759 

This study shows both environmental and biotechnological importance of Antarctic bacteria. It has 760 

been observed that some Antarctic bacteria can accumulate lipids up to 20% at low temperatures 761 

that might interesting to explore further and investigate whether it is possible to establish lipid 762 

production by these bacteria. In addition, some bacteria were able to produce fatty acids of special 763 

industrial interest such as mycolic acid and branched unsaturated fatty acids. 764 

Conclusion 765 

This study is one of the few previously published reporting comprehensive data on lipid and overall 766 

cellular biochemical profile and its temperature-triggered changes for cold-adapted bacteria. We 767 

showed that bacteria isolated from cold environment possess taxonomy-aligned fatty acid profile 768 

as it was earlier reported for bacteria from other environments. Our findings indicate that variations 769 

in temperature may induce some modifications in cellular lipids. These alterations encompass 770 

changes in the total lipid content, fatty acid composition, and lipid classes. Additionally, we 771 

observed notable transformations in other cellular components such as proteins and phosphorus 772 

containing compounds. These changes are taxonomy specific, meaning that despite of principle 773 

similarity in cell structure bacteria do not have a single common adaptation mechanism to 774 

temperature fluctuations and often show different chemical responses. 775 
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Tables  1044 

Table 1. List of bacterial strains used in the study. X – no growth, /-not enough biomass for analysis, 1045 

** – psychrophilic bacteria based on growth on agar media, GS– green snow bacteria, MP– temporary 1046 

meltwater ponds bacteria. 1047 

 1048 



 

 

 

G
e
n
u

s 

Strain name and collection №  

T°C 

5
 

1
5
 

2
5
 

Gram-negative 

Proteobacteria 

Pol Polaromonas sp. BIM B–1676 GS**       

Pse 

Pseudomonas extremaustralis BIM B–1672 GS        

Pseudomonas fluorescens BIM B–1668 GS       

Pseudomonas leptonychotis BIM B–1559MP       

Pseudomonas leptonychotis BIM B–1568MP       

Pseudomonas leptonychotis BIM B–1566MP       

Pseudomonas lundensis BIM B–1554MP       

Pseudomonas lundensis BIM B–1555MP       

Pseudomonas lundensis BIM B–1556MP       

Pseudomonas peli BIM B–1560MP       

Pseudomonas peli BIM B–1569MP       

Pseudomonas peli BIM B–1546 MP       

Pseudomonas peli BIM B–1552MP       

Pseudomonas peli BIM B–1542MP       

Pseudomonas peli BIM B–1548MP       

Pseudomonas sp. BIM B–1635GS       

Pseudomonas sp. BIM B–1667GS       

Pseudomonas sp. BIM B–1673GS       

Pseudomonas sp. BIM B–1674GS       

Psy 

Psychrobacter glacinicola BIM B–1629GS**       

Psychrobacter urativorans BIM B–1655 GS**       

Psychrobacter urativorans BIM B–1662GS       

She 

Shewanella baltica BIM B–1565MP       

Shewanella baltica BIM B–1557MP       

Shewanella baltica BIM B–1561MP       

Shewanella baltica BIM B–1563MP       

Aci Acinetobacter lwoffii BIM B–1558MP 
      

Bacteroidetes 

Fla Flavobacterium degerlachei BIM B–1562MP** 

      

Gram-positive 

Actinobacteria 

Agr Agrococcus citreus BIM B–1547MP       

Art 

Arthrobacter agilis BIM B–1543 MP       

Arthrobacter cryoconiti BIM B–1627GS       

Arthrobacter oryzae BIM B–1663GS       

Arthrobacter sp. BIM B–1624GS       

Arthrobacter sp. BIM B–1625 GS        

G e n u s Strain name and collection №  T°C 

5
 

1
5
 

2
5
 

Gram-positive 

 Arthrobacter sp. BIM B–1626GS    

 Arthrobacter sp. BIM B–1628GS    

 

Arthrobacter sp. BIM B–1664GS       

Arthrobacter sp. BIM B–1666GS**       

Arthrobacter sp. BIM B–1656GS       

Arthrobacter sp. BIM B–1549MP       

Bra 
Brachybacterium paraconglomeratum BIM B–

1571 MP       

Cry  

Cryobacterium arcticum BIM B–1619 GS       

Cryobacterium soli BIM B–1620 GS       

Cryobacterium soli BIM B–1658GS       

Cryobacterium soli BIM B–1659GS       

Cryobacterium soli BIM B–1677GS       

Cryobacterium soli BIM B–1675GS       

Lei 

Leifsonia antarctica BIM B–1631GS       

Leifsonia antarctica BIM B–1632GS       

Leifsonia antarctica BIM B–1637 GS       

Leifsonia antarctica BIM B–1638 GS       

Leifsonia antarctica BIM B–1639 GS       

Leifsonia antarctica BIM B–1669 GS       

Leifsonia antarctica. BIM B–1671GS    

Leifsonia kafniensis BIM B–1633GS       

Leifsonia rubra BIM B–1622 GS       

Leifsonia rubra BIM B–1623 GS**       

Leifsonia rubra BIM B–1634 GS       

Leifsonia rubra BIM B–1567MP    

Mic Micrococcus luteus BIM B–1545MP       

Pae 
Paeniglutamicibacter antarcticus BIM B–

1657GS**       

Rho 

Rhodococcus erythropolis BIM B–1660GS       

Rhodococcus erythropolis BIM B–1661GS       

Rhodococcus yunnanensis BIM B–1621GS**       

Rhodococcus yunnanensis BIM B–1670GS       

Sal 

Salinibacterium sp. BIM B–1630 GS**       

Salinibacterium sp. BIM B–1636GS       

Salinibacterium sp. BIM B–1654GS**       

Salinibacterium sp. BIM B–1665GS**       

Firmicutes 

Fac Facklamia tabacinasalis BIM B–1577MP       

Spo Sporosarcina sp. BIM B–1539 MP       

Car 

Carnobacterium funditum BIM B–1541MP**       

Carnobacterium iners BIM B–1544MP**       

Carnobacterium inhibens BIM B–1540MP       
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Figures 1054 

  1055 

Figure 1. Total lipid content (%, w/w) of bacterial biomass of different genera grown at different 1056 

temperatures (blue – 5°C, yellow – 15°C and orange – 25°C), * – no growth or not enough biomass to 1057 

perform the analysis. The standard deviation was calculated for genera that were represented by two 1058 

or more strains; Genera: Pse-Pseudomonas, Psy-Psychrobacter, She-Shewanella, Aci-Acinetobacter, 1059 

Art-Arthrobacter, Cry-Cryobacterium, Lei-Leifsonia, Mic-Micrococcus, Rho-Rhodococcus, Sal-1060 

Salinibacterium, Spo-Sporosarcina, Car-Carnobacterium 1061 

 1062 

  1063 
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 1064 

Figure 2. PCA of the GC fatty acid profile data for Antarctic bacteria grown at different temperatures. 1065 

A – Score plot of PC1 and PC2, colors represent genera, ‘●’ – 5°C, ‘’ – 15°C and ‘▲’ – 25°C, 1066 

different colors represent genera (Pol-Polaromonas, Pse-Pseudomonas, Psy-Psychrobacter, She-1067 

Shewanella, Aci-Acinetobacter, Fla-Flavobacterium, Agr-Agrococcus, Art-Arthrobacter, Bra-1068 

Brachybacterium, Cry-Cryobacterium, Lei-Leifsonia, Mic-Micrococcus, Pae-Paeniglutamicibacter, 1069 
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Rho-Rhodococcus, Sal-Salinibacterium, Fac-Facklamia, Spo-Sporosarcina, Car-Carnobacterium), B 1070 

– Loading plot of GC fatty acid data. PC1 – 44% explained variance, PC2 – 23% explained variance. 1071 

Fatty acid data were autoscaled before PCA. PUFAs (summed polyunsaturated fatty acids), n-SFAs 1072 

(summed non-branched saturated fatty acids), br-SFAs (summed branched saturated fatty acids), n-1073 

MUFAs (summed non-branched monounsaturated fatty acids), hydroxy-FAs (summed hydroxy fatty 1074 

acids), Cyclic-FAs (summed cyclic fatty acids). 1075 



 

 

 

  1076 

Figure 3. Fatty acid profile of bacteria grown at different temperatures (%, w/w), *- no growth/ not 1077 

enough biomass to perform analysis. Group of Fas: PUFAs (summed polyunsaturated fatty acids), n-1078 
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SFAs (summed non-branched saturated fatty acids), br-SFAs (summed branched saturated fatty acids), 1079 

n-MUFAs (summed non-branched monounsaturated fatty acids), hydroxy-FAs (summed hydroxy fatty 1080 

acids), Cyclic-FAs (summed cyclic fatty acids). 1081 
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Figure 4. Fatty acid profile of Antarctic bacteria grown at varying growth temperatures. FAs with the 1083 

content lower than 1 % were summed in “Minor FA”,* – FAs identified by GC-MS. 1084 

 1085 

 1086 

 1087 

Figure 5. The amount of cis-, iso- and anteiso- FAs of Antarctic bacteria grown at varying growth 1088 

temperatures. 1089 
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 1091 

Figure 6. The effect of temperature on fatty acid classes in bacteria cultivated at 5°C, 15°C and 25°C 1092 

(mean ±SD). The standard deviation was calculated for genera that were represented by two or more 1093 

strains. Group of FAs: PUFAs (summed polyunsaturated fatty acids), n-SFAs (summed non-branched 1094 

saturated fatty acids), br-SFAs (summed branched saturated fatty acids), n-MUFAs (summed non-1095 

branched monounsaturated fatty acids), hydroxy-FAs (summed hydroxy fatty acids), Cyclic-FAs 1096 

(summed cyclic fatty acids); Genera: Pse-Pseudomonas, Psy-Psychrobacter, She-Shewanella, Aci-1097 

Acinetobacter, Art-Arthrobacter, Cry-Cryobacterium, Lei-Leifsonia, Mic-Micrococcus, Rho-1098 

Rhodococcus, Sal-Salinibacterium, Spo-Sporosarcina, Car-Carnobacterium 1099 

 1100 
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 1101 

Figure 7. EMSC corrected FTIR spectra of two bacteria grown at 15°C with different total lipid content 1102 

(%): olive – Brachybacterium paraconglomeratum BIM B – 1571 (4%), orange – Pseudomonas peli 1103 

BIM B – 1546 (18%).  1104 
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 1105 

Figure 8. PCA of the preprocessed FTIR spectra of Antarctic bacteria grown at different temperatures 1106 

(‘●’ – 5°C, ‘’ – 15°C and ‘▲’ – 25°C). A – Score plot of PC1 and PC2 components, colors represent 1107 

genera, shapes represent cultivation temperatures, different colors represent genera (Pol-Polaromonas, 1108 

Pse-Pseudomonas, Psy-Psychrobacter, She-Shewanella, Aci-Acinetobacter, Fla-Flavobacterium, 1109 

Agr-Agrococcus, Art-Arthrobacter, Bra-Brachybacterium, Cry-Cryobacterium, Lei-Leifsonia, Mic-1110 

Micrococcus, Pae-Paeniglutamicibacter, Rho-Rhodococcus, Sal-Salinibacterium, Fac-Facklamia, 1111 
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Spo-Sporosarcina, Car-Carnobacterium), B – Loading plot of FTIR data with the main contributing 1112 

peaks, PC1 (red) and PC2 (blue). PC1 provided 35% of explained variance and PC2 provided 17% of 1113 

explained variance.  1114 
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 1115 

Figure 9. Second derivative FTIR spectra of bacterial biomass of different genera grown at different 1116 

temperatures (blue – 5°C, yellow – 15°C and orange – 25°C). Genera: Pse-Pseudomonas, Psy-1117 

Psychrobacter, She-Shewanella, Aci-Acinetobacter, Art-Arthrobacter, Cry-Cryobacterium, Lei-1118 
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Leifsonia, Mic-Micrococcus, Rho-Rhodococcus, Sal-Salinibacterium, Spo-Sporosarcina, Car-1119 

Carnobacterium.  1120 
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 1121 

Figure 10. Relative content of the cellular components in bacterial biomass grown at different 1122 

temperatures (blue – 5°C, yellow – 15°C and orange – 25°C) estimated by ratio-based analysis using 1123 

FTIR spectra, where: A – lipid/protein ratio (1734/1656 cm-1) and B – phosphorus-based 1124 

compounds/protein ratio (1083/1656 cm-1). The standard deviation was calculated for genera that were 1125 

represented by two or more strains. Genera: Pol-Polaromonas, Pse-Pseudomonas, Psy-Psychrobacter, 1126 

She-Shewanella, Aci-Acinetobacter, Fla-Flavobacterium, Agr-Agrococcus, Art-Arthrobacter, Bra-1127 

Brachybacterium, Cry-Cryobacterium, Lei-Leifsonia, Mic-Micrococcus, Pae-Paeniglutamicibacter, 1128 

Rho-Rhodococcus, Sal-Salinibacterium, Fac-Facklamia, Spo-Sporosarcina, Car-Carnobacterium 1129 

  1130 
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Table S1. Gen Bank accession numbers of bacteria used in this study 1141 

Phylum Genus Strain name and collection №  

Gen Bank Accession 

Number 

Proteobacteria 

Polaromonas Polaromonas sp. BIM B–1676 GS** MT890199 

Pseudomonas 

Pseudomonas extremaustralis BIM B–1672 GS  MT890192 

Pseudomonas fluorescens BIM B–1668 GS MT89019 

Pseudomonas leptonychotis BIM B–1559MP ON248066 

Pseudomonas leptonychotis BIM B–1568MP ON248076 

Pseudomonas leptonychotis BIM B–1566MP ON248077 

Pseudomonas lundensis BIM B–1554MP ON248061 

Pseudomonas lundensis BIM B–1555MP ON248062 

Pseudomonas lundensis BIM B–1556MP ON248063 

Pseudomonas peli BIM B–1560MP ON248067 

Pseudomonas peli BIM B–1569MP ON248075 

Pseudomonas peli BIM B–1546 MP ON248078 

Pseudomonas peli BIM B–1552MP ON248080 

Pseudomonas peli BIM B–1542MP ON248083 

Pseudomonas peli BIM B–1548MP ON248084 

Pseudomonas sp. BIM B–1635GS MT890174 

Pseudomonas sp. BIM B–1667GS MT890189 

Pseudomonas sp. BIM B–1673GS MT890191 

Pseudomonas sp. BIM B–1674GS MT890193 

Psychrobacter 

Psychrobacter glacinicola BIM B–1629GS** MT890168 

Psychrobacter urativorans BIM B–1655 GS** MT890181 

Psychrobacter urativorans BIM B–1662GS** MT890182 

Shewanella 

Shewanella baltica BIM B–1565MP ON248060 

Shewanella baltica BIM B–1557MP ON248064 

Shewanella baltica BIM B–1561MP ON248069 

Shewanella baltica BIM B–1563MP ON248072 

Acinetobacter Acinetobacter lwoffii BIM B–1558MP ON248065 

Bacteroidetes Flavobacterium Flavobacterium degerlachei BIM B–1562MP ON248071 

Actinobacteria 

Agrococcus Agrococcus citreus BIM B–1547MP ON248081 

Arthrobacter 

Arthrobacter agilis BIM B–1543 MP ON248082 

Arthrobacter cryoconiti BIM B–1627GS** MT890166 

Arthrobacter oryzae BIM B–1663GS MT890183 

Arthrobacter sp. BIM B–1624GS** MT890163 

Arthrobacter sp. BIM B–1625 GS MT890164 

Arthrobacter sp. BIM B–1626GS** MT890165 

Arthrobacter sp. BIM B–1628GS** MT890167 

Arthrobacter sp. BIM B–1664GS MT890186 

Arthrobacter sp. BIM B–1666GS** MT890188 

Arthrobacter sp. BIM B–1656GS MT890194 
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Arthrobacter sp. BIM B–1549MP ON248073 

Brachybacterium 
Brachybacterium paraconglomeratum BIM B–1571 MP 

ON248074 

Cryobacterium 

Cryobacterium arcticum BIM B–1619 GS** MT890158 

Cryobacterium soli BIM B–1620 GS** MT890159 

Cryobacterium soli BIM B–1658GS MT890196 

Cryobacterium soli BIM B–1659GS MT890197 

Cryobacterium soli BIM B–1677GS MT890198 

Cryobacterium soli BIM B–1675GS MT890200 

Leifsonia 

Leifsonia antarctica BIM B–1631GS** MT890170 

Leifsonia antarctica BIM B–1632GS MT890171 

Leifsonia antarctica BIM B–1637 GS MT890176 

Leifsonia antarctica BIM B–1638 GS MT890177 

Leifsonia antarctica BIM B–1639 GS MT890178 

Leifsonia antarctica BIM B–1669 GS MT890179 

Leifsonia antarctica. BIM B–1671GS MT890184 

Leifsonia kafniensis BIM B–1633GS MT890172 

Leifsonia rubra BIM B–1622 GS** MT890161 

Leifsonia rubra BIM B–1623 GS MT890162 

Leifsonia rubra BIM B–1634 GS** MT890173 

Leifsonia rubra BIM B–1567MP ON248088 

Micrococcus Micrococcus luteus BIM B–1545MP ON248079 

Paeniglutamicibacter Paeniglutamicibacter antarcticus BIM B–1657GS** MT890195 

Rhodococcus 

Rhodococcus erythropolis BIM B–1660GS MT890201 

Rhodococcus erythropolis BIM B–1661GS MT890202 

Rhodococcus yunnanensis BIM B–1621GS** MT890160 

Rhodococcus yunnanensis BIM B–1670GS MT890185 

Salinibacterium 

Salinibacterium sp. BIM B–1630 GS MT890169 

Salinibacterium sp. BIM B–1636GS MT890175 

Salinibacterium sp. BIM B–1654GS MT890180 

Salinibacterium sp. BIM B–1665GS MT890187 

Firmicutes 

Facklamia Facklamia tabacinasalis BIM B–1577MP ON248087 

Sporosarcina Sporosarcina sp. BIM B–1539 MP ON248068 

Carnobacterium 

Carnobacterium funditum BIM B–1541MP** ON248085 

Carnobacterium iners BIM B–1544MP** ON248086 

Carnobacterium inhibens BIM B–1540MP ON248070 
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 1 

Figure S3. Fatty acid profile of Antarctic bacteria grown at 5°C (%, w/w).  2 
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 3 

Figure S4. Fatty acid profile of Antarctic bacteria grown at 15°C (%, w/w).  4 
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 5 

Figure S5. Fatty acid profile of Antarctic bacteria grown at 25°C (%, w/w). 6 
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 7 

Figure S6. Fatty acid profile of Antarctic bacteria grown at 5°C (%, w/w). 8 
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 9 

Figure S7. Fatty acid profile of Antarctic bacteria grown at 15°C (%, w/w). 10 
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 11 

Figure S8. Fatty acid profile of Antarctic bacteria grown at 15°C (%, w/w). 12 
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 13 

 14 

Figure S9. FTIR-HTS spectra of BHIB media. 15 

 16 

Figure S10. PCA plot on phyla level for the whole spectral region. P-Proteobacteria, A-17 

Actinobacteria, F-Firmicutes, and B-Bacteroidetes. 18 
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 19 

 20 

Figure S11. Second derivative FTIR spectra of bacterial biomass of different Gram groups averaged 21 

for different temperatures (blue – 5°C, yellow – 15°C and orange – 25°C). 22 

 23 

 24 

 25 
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Figure S12. Second derivative FTIR spectra of bacterial biomass of different phyla averaged for 28 

different temperatures (blue – 5°C, yellow – 15°C and orange – 25°C). 29 

 30 

Figure S13. Pearson’s correlation coefficients between total lipids in % measured by GC and lipid to 31 

protein ratio calculated based on FTIR spectra: A – Gram negative (blue) and gram-positive (pink) 32 

bacteria, B – different temperatures (blue – 5°C, yellow – 15°C and orange – 25°C), C – different 33 

genera, D – different genera cultivated at 5°C, F – different genera cultivated at 15°C, G – different 34 

genera cultivated at 25°C. 35 

 36 

Figure S14. Averaged total lipid content (%, w/w) of bacterial biomass grown at different 37 

temperatures for Gram-negative and Gram-positive bacteria.38 
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Abstract 16 

Fourier transform infrared (FTIR) spectroscopy is a biophysical technique used for non-destructive 17 

biochemical profiling of biological samples. It can provide comprehensive information about the total 18 

cellular biochemical profile of microbial cells. In this study FTIR spectroscopy was used to perform 19 

biochemical characterization of twenty-nine bacterial strains isolated from the Antarctic meltwater 20 

ponds. The bacteria were grown on two forms of brain heart infusion (BHI) medium (agar and broth) 21 

and at different temperatures (4, 10, 15, 18, 25, 30, and 37°C). Multivariate data analysis approaches 22 

such as principal component analysis (PCA) and correlation analysis were used to study the biochemical 23 

profiles and their changes triggered by the cultivation conditions. The observed results showed that 24 

FTIR resembled well phylogenetic relationships of the studied bacteria where the best phylogeny-25 

aligned clustering was obtained for bacteria cultivated on agar. Cultivation on two forms of BHI 26 

medium provided biochemically different bacterial biomass. The impact of temperature on the total 27 

cellular biochemical profile of the studied bacteria was specie-specific and for all bacteria lipid spectral 28 

region was the least affected while polysaccharide region was the most affected by temperature. The 29 

biggest temperature-triggered changes of the cell chemistry were detected for bacteria with a wide 30 

temperature tolerance such us Pseudomonas lundensis strains and Acinetobacter lwoffii BIM B – 1558. 31 

While the least biochemical changes were observed for the biomass of Micrococcus luteus BIM B – 32 

1545 and Leifsonia sp. BIM B – 1567. 33 

Introduction 34 

During the last decade, Fourier transform infrared (FTIR) spectroscopy became as a standard analytical 35 

technique for comprehensive biochemical profiling of microorganisms (1-6). FTIR spectroscopy allows 36 

to identify all main biomolecules present in microbial biomass, including proteins, lipids, 37 

carbohydrates, and nucleic acids (6, 7). Each biomolecule has specific functional groups which possess 38 

vibrational modes with unique spectral signatures when assessed by FTIR (8). Therefore, FTIR 39 

spectroscopy has been suggested as a powerful tool for compositional and structural analysis of 40 

microbial biomass. For example, by examining protein spectral region 1700 – 1500 cm–1 details on 41 

protein's secondary structure such as presence of α-helices or β-sheets can be obtained (9). It has been 42 



shown that FTIR spectra can be used for the estimation of a relative total lipid content and its changes 43 

in oleaginous microorganisms (10-12). Further, numerous studies reported successful application of 44 

FTIR spectroscopy for the identification of microorganisms, where it has been shown that FTIR 45 

biochemical signatures of different bacteria often reflect their phylogenetic relationships (13, 14). FTIR 46 

spectroscopy can contribute to understanding of molecular underpinnings of phenomena like adaptive 47 

tolerance responses of bacteria when they are subjected to various environmental stress conditions (15, 48 

16).  49 

FTIR analysis is little destructive allowing to chemically profile cells in their natural intact form. The 50 

typical protocol to prepare microbial cells for FTIR analysis includes: (i) cultivation step to obtain 51 

enough amount of microbial biomass, (ii) washing of microbial cells to remove medium components 52 

which may interfere with biomass signals on the FTIR spectra, (iii) depositing a small amount of cell 53 

culture (8-10 µl) on the FTIR silica plate with subsequent drying at room temperature before 54 

measurements (17). One of the main advantageous of FTIR spectroscopy is that it can be performed in 55 

a high throughput setting where cultivation of microorganisms is done in microtiter plates and biomass 56 

preparation is automated (18-20). Therefore, FTIR spectroscopy  has been positioned as a next 57 

generation phenotyping technique for building chemotaxonomic maps of existing microbes and 58 

identification of newly isolated (21, 22). 59 

FTIR spectroscopy for the characterization and identification of bacteria has been employed since 90s. 60 

(23-30). Numerous studies have been done on characterization of bacterial metabolites such as lipidic 61 

compounds (31, 32) exopolysaccharides (33), biosurfactants (34), enzymes (35) as well as bacterial 62 

processes such fermentation (36, 37) , bioremediation (38), degradation of feathers (35), degradation of 63 

plastics (39) and petroleum materials (40). Recently, we successfully applied FTIR spectroscopy for 64 

biochemical characterization and bioprospecting of green snow Antarctic bacteria (35, 41, 42). In one 65 

of the studies, we have shown that green-snow Antarctic bacteria cultivated in two forms of culture 66 

medium – semi-solid agar and broth and at different temperatures possessed considerable differences 67 

in cell chemistry (41). These biochemical cellular differences were associated with the changes across 68 

all spectral regions of the FTIR spectrum (6): (i) lipid region 3050 – 2800 cm–1 and 1700 – 1800 cm-1 69 



indicating changes in membrane lipids and some storage compounds such as polyhydroxyalkanoates 70 

(PHAs), (ii) protein region 1700 – 1500 cm–1 providing information on the protein structure, (iii) mixed 71 

region 1500 – 1200 cm–1 where the information about some proteins, lipids and phosphorus compounds 72 

structure is reflected, (iv) polysaccharide region 1200 – 700 cm–1 reflecting information about cell wall 73 

and storage polysaccharides and (v) so called fingerprint region at 900 – 700 cm–1 consisting of mainly 74 

peaks without any special assignment but very characteristic for different microbial strains (6). 75 

The main aim of the present study was to perform global biochemical characterization of newly isolated 76 

bacteria from Antarctic meltwater temporary ponds and evaluate cellular biochemical changes in 77 

bacterial cells when grown in different culture forms and temperatures by high-throughput FTIR 78 

spectroscopy.  79 

Materials and Methods 80 

Bacterial strains  81 

Twenty-nine fast-growing Antarctic bacteria from the Belarussian Collection of Non-pathogenic 82 

Microorganisms (Institute of Microbiology of the National Academy of Science of Belarus) were used 83 

in the study. The bacteria are Gram-positive and Gram-negative, psychrotrophic and belong to 84 

seventeen species. The bacteria were isolated from water samples collected during the 5th Belarusian 85 

Antarctic Expedition in the austral summer season (January 2013) from the middle part of the water 86 

column of nine non-flowing temporary meltwater ponds (TMPs) located in rock baths of the Vecherny 87 

region of the Thala Hills oasis in the central part of Enderby Land (East Antarctica). Identification by 88 

16S rRNA gene sequencing and comprehensive physiological characterization (enzymatic activity, 89 

optimal growth temperature and antibiotic resistance) of the isolates were previously reported (43).  90 

Experiment design and cultivation conditions 91 

For the biochemical profiling by FTIR spectroscopy, bacteria were cultivated on brain heart infusion 92 

agar (BHIA) and broth (BHIB) (Sigma Aldrich, USA) at 18 °C. Cultivation on BHIA was performed 93 

for 3 – 5 days, depending on the isolate, to obtain enough biomass for FTIR measurements. Cultivation 94 

in BHIB was performed at 18 °C for 3 days for all isolates in the Duetz Microtiter Plate System – Duetz-95 



MTPS (Enzyscreen, Heemstede, Netherlands), consisting of 24-square low polypropylene deepwell 96 

plates, low-evaporation sandwich covers and extra high cover clamp system as was previously 97 

described (18-20, 44-46). Cultivation media and Duetz-MTPS were sterilized by autoclaving at 121 °C 98 

for 15 min before inoculation. The autoclaved MTPs were filled with 3 mL of sterile broth medium per 99 

well, and each well was inoculated with a single colony of fresh cultures prepared on BHIA. For the 100 

sterility control, one well in each microtiter plate was filled with the medium without inoculation. 101 

Duetz-MTPS were mounted on the shaking platform of MAXQ 4000 shaking incubator (Thermo Fisher 102 

Scientific, Waltham, MA, USA) and incubated for 3 days at 18 °C with 370 rpm agitation speed (1.9 103 

cm circular orbit). For each bacterial isolate and media, cultivations were done in three biological 104 

replicates which were prepared from separate Petri dishes and MTPs and performed as independent 105 

experiments.  106 

In order to evaluate effect of temperature on the total cellular biochemical profile, bacterial isolates 107 

were cultivated at 4, 10, 15, 25, 30 and 37°C on BHIA. The cultivation time was for 1 – 12 days 108 

depending on the cultivation temperature and strain growth ability (Table 1S in SM). The cultivations 109 

were performed in two independent biological replicates for each bacterial isolate and temperature.  110 

Preparation of bacterial biomass for FTIR measurements  111 

Bacterial biomass was separated from the supernatant by centrifugation (Heraeus Multifuge X1R, 112 

Thermo Scientific, Waltham, MA, USA) at 25.200 g at 4°C for 30 min and washed with distilled water 113 

three times. Further, at the last washing step, 100 – 500 µL of distilled water was added to the cell pellet 114 

and re-suspended. 10 μL of both the homogenized bacterial suspension and supernatant samples diluted 115 

ten times with water were pipetted onto the IR-light-transparent silicon 384-well silica microplates 116 

(Bruker Optics GmbH, Ettlingen, Germany) in three technical replicates, and dried at room temperature 117 

for at least 1 hours before the analysis.  118 

FTIR spectroscopy analysis 119 

FTIR transmittance spectra were measured using a high-throughput screening extension unit (HTS-XT) 120 

coupled to the Vertex 70 FTIR spectrometer (both Bruker Optik, Germany). The FTIR system was 121 



equipped with a globar mid-IR source and a deuterated L-alanine doped triglycine sulfate (DLaTGS) 122 

detector. The HTS-FTIR spectra were recorded with a total of 64 scans, using Blackman-Harris 3-Term 123 

apodization, spectral resolution of 6 cm-1, and digital spacing of 1.928 cm−1, over the range of 4000–124 

400 cm-1, and an aperture of 6 mm. The ratio of a sample spectrum to a spectrum of the empty IR 125 

transparent microplate was used to calculate a final spectrum. Background spectra of the silica 126 

microplate were collected prior to each sample measurement to account for variations in water vapor 127 

and CO2. Generated transmittance spectra were exported for further analysis. Each sample was 128 

analysed in three technical replicates. For data acquisition and instrument control, the OPUS software 129 

(Bruker Optik GmbH, Germany) was used. 130 

Estimation of chemical variability 131 

In order to evaluate chemical variability of bacterial biomass produced at different conditions, FTIR 132 

data were used to estimate Pearson’s correlation coefficient (PCC) which was expressed as (1– 133 

PCC)×103 for the whole spectrum and the following spectral regions: lipid region at 3050 – 2800 cm−1 134 

combined with ester region 1800 – 1700 cm−1, protein region at 1700 – 1500 cm−1, mixed region at 135 

1500 – 1200 cm−1, and polysaccharide region at 1200 – 700 cm−1. Variability was estimated for (1) 136 

technical and biological replicates, (2) cultivation conditions such as time, temperatures, and media and 137 

(3) phylogenetic units such as strain, specie and genus. Variability was calculated for all data together 138 

and separately for data acquired from agar and broth cultivations. Chemical variability of spectra within 139 

a group was estimated by median distance from a sample to the center of the group. The center of the 140 

group was calculated as a mean of all spectra within the group and the distance was calculated as 1 - 141 

Pearson correlation coefficient. The closer this value is to 0, the more similar the individual spectrum 142 

is to the mean spectrum, indicating lower variability. As some categories may include several groups 143 

(e.g. 17 species), the variability were calculated first for each group and then averaged. 144 

Spectral preprocessing and multivariate data analysis  145 

Prior to data analysis, the spectra were quality checked to select good quality spectra using quality test 146 

developed by Tafintseva et al. (22, 47, 48). The selected spectra were preprocessed in the following 147 



way: (1) averaging of technical replicates for each sample by calculating arithmetic mean; (2) applying 148 

Savitzky−Golay algorithm with second polynomial degree and different window sizes depending on 149 

the spectral region were used – 9 points for lipids region, 19 points for protein region and 13 for 150 

carbohydrate region, 11 points when the whole spectral region  was used  (Savitzky and Golay 1964); 151 

(3) splitting the data into three informative regions based on the type of macromolecules: 3050–2800 152 

cm−1 and 1800–1700 cm−1 for lipids, 1700–1500 cm−1 for proteins, mixed region at 1500–1200 cm−1 153 

and 1200–700 cm−1 for polysaccharides or the whole spectral region 4000-400 cm-1; (4) extended 154 

multiplicative signal correction (EMSC) in order to separate informative signals from spectral artefacts 155 

and minimize variability due to light scattering or sample thickness (48-53). 156 

After preprocessing, multivariate data analysis techniques such as principal component analysis (PCA) 157 

was applied to analyze total cellular biochemical profile of bacteria reveal underlying patterns and to 158 

visually represent the positions of data points in fewer dimensions, preserving maximum information, 159 

and investigating relationships among dependent variables (54). For PCA whole spectral region as well 160 

as single spectral regions of lipids, proteins, mixed and polysaccharides were used as previously 161 

described in (42). Further, correlation analysis was performed to investigate the effect of temperature. 162 

Due to that variability between different genera was higher than variability between temperatures, 163 

correlation analysis was done for each specie separately using second derivative preprocessed spectra, 164 

second order polynomial, and 13, 17, 21, and 13 windows sizes for the lipid, mixed, protein, and 165 

polysaccharide regions, respectively. For the correlation analysis all peaks listed in Table 2 were used.  166 

The Unscrambler, V10.01 (CAMO PROCESS AS, Oslo, Norway) and algorithms in Matlab, V12.a 167 

(The Mathworks, Inc., Natick, MA) were used to perform the analysis. Orange data mining toolbox 168 

version 3.31.1 (University of Ljubljana, Ljubljana, Slovenia) was used for the preprocessing spectral 169 

analysis, ratiometric analysis, PCA analysis (55, 56).  170 

 171 

Results  172 

Variability of the total cellular biochemical profile 173 



Due to that bacterial biomass used for FTIR analysis was obtained from different cultivations using 174 

various media and cultivation conditions that may influence chemical composition of the biomass, 175 

therefore, variability of the biochemical profile was estimated by calculating PCC from the FTIR 176 

spectra and the results are presented in Table 2. The estimates PCC showed that agar cultivations 177 

resulted in less chemical variability of bacterial biomass than liquid culture cultivations (Table 2). The 178 

highest chemical variability was observed between different genera followed by species and strains, 179 

while the lowest variability was for biological and technical replicates. Variability between strains of 180 

the same specie was much higher than the variability in biological and technical replicates (Table 2). 181 

Carbohydrate spectral region showed the highest variability for all tested levels, while the lowest 182 

variability was observed for lipid region for biomass obtained from agar and proteins for biomass from 183 

broth. Temperature affected chemical variability of the bacterial biomass, for example increase in 184 

temperature resulted in the higher variability for carbohydrate, lipid and mixed regions, while protein 185 

region showed increase in variability when both low and high temperatures were used (Table 2). 186 

Variability between cultivation days was lower than variability between cultivation temperatures.  187 

Biochemical profile of Antarctic meltwater bacteria grown on agar and broth 188 

Total cellular biochemical profile of the studied Antarctic meltwater bacteria using FTIR spectroscopy 189 

was first evaluated when bacteria were grown on agar and in liquid BHI media at 18°C. Overall FTIR 190 

biochemical profiles of the studied bacteria grown on agar and in broth are presented on Figure 1 and 191 

Table 1, which shows averaged spectra and the assignment of the main characteristic peaks and their 192 

difference for Gram-positive and Gram-negative bacteria, respectively.  193 

A visual comparison of FTIR biochemical spectral profiles revealed distinct chemical differences which 194 

are related to phylogeny of the studied bacteria and/or growth medium. Several shifts for characteristic 195 

peaks were observed for the spectra of bacteria from different Gram groups. Thus, all Gram-negative 196 

bacteria grown on agar and in broth media showed higher absorbance values of all lipid peaks compared 197 

to Gram-positive bacteria, that is an indication of a higher total lipid content in their cells, possibly due 198 

to the presence of the cell wall, which is rich in lipopolysaccharides and phospholipids (Figure 1 A and 199 

B). The averaged spectrum of Gram-negative bacteria had elevated lipid peaks at 3006 cm–1, 2925 cm–200 

1, 2853 cm–1 and 1741 cm–1 indicating a higher content of unsaturated, saturated lipids and polyesters, 201 



respectively (Figure 1 A and B). A slight peak shift was detected for -CH3 group from 2960 cm-1 for 202 

Gram-negative bacteria to 2962 cm-1 for Gram-positive bacteria (Figure A and B, Table 1). Also, another 203 

peak shift was detected for the ester peak, where it was at 1743 cm-1 for Gram-positive bacteria and at 204 

1741 cm-1 for Gram-negative (Figure and Table 1). Further, a peak at 1466 cm-1 related to C-H 205 

deformation/scissoring of -CH2 group mainly in lipids with a little contribution from proteins was 206 

detected on the averaged spectrum of Gram-negative bacteria and it was absent for the Gram-positive 207 

bacteria cultivated on agar and broth (Figure A and B). While averaged spectrum of Gram-positive 208 

bacteria showed a higher absorbance for the peak at 1452 cm-1 related to -CH3 deformation in lipids. 209 

(Figure 1, Table 1 A and B). 210 

Proteins are the major biochemical components of bacterial cells, therefore, typically they are 211 

represented by the peaks with the highest absorbance in the region 1700 – 1500 cm-1. This was also 212 

observed for the studied Antarctic bacteria grown on agar and broth media, where the most characteristic 213 

protein peaks were C=O stretching vibrations in amino acids (Amide I) at 1656 cm-1 associated with α-214 

helical structures, peak at 1636/1640 cm-1 associated with β-pleated sheet structures, peak at 1548 cm-1 215 

related to N-H deformation vibrations (Amide II) and the peak at 1311 cm-1 associated with C-N 216 

vibrations of Amide III bond. The main differences in the protein region for the bacteria grown on agar 217 

and in broth were related to the lower absorbance of protein peaks in Gram-negative bacteria and 218 

appearance of a shift for the C=O stretching Amide I peak at 1636 cm-1 for Gram-negative to 1640 cm-219 

1 for Gram-positive (Figure 1 A and B, Table 1).  220 

Further, some differences between Gram-positive and Gram-negative bacteria grown on agar and in 221 

broth were observed in  mixed spectral region 1500-1200 and polysaccharide spectral region 1200–700 222 

cm-1, were peaks associated with phosphodiester group present in various molecules, such as DNA, 223 

phospholipids and teichoic acids and lipoteichoic acid at 1400 cm-1, 1240 cm-1 had higher absorbance 224 

values for Gram-positive bacteria and peak at 1170 cm-1 had a higher absorbance values for the spectra 225 

of Gram-negative bacteria. For the spectra of Gram-positive bacteria, the peak at 1156 cm-1 associated 226 

with C-O, C-C str., C-O-H, C-O-C def. in carbohydrates had higher absorbance had higher absorbance 227 

(Figure 1, Table 1 A and B). Interestingly, the difference between Gram-groups in carbohydrate region 228 

is significantly bigger when bacteria were cultivated in broth medium then on agar. 229 



After visual comparison reported above, preprocessed FTIR spectra of bacterial biomass were analysed 230 

by PCA to investigate biochemical relationships between biochemical profiles of the studied bacteria 231 

grown on different forms of BHI medium. PCA score and loading plots for the whole spectral region 232 

are displayed on the Figure 2 A and B, respectively. It can be seen that samples of Gram-negative 233 

bacteria except Acinetobacter lwoffii BIM B – 1558 and Pseudomonas lundensis isolates are located in 234 

the area of positive PC1 score that indicates a higher lipid content in the cells of these bacteria, while 235 

most of the samples of Gram-positive bacteria are located in the area of negative PC1 scores, meaning 236 

higher protein content in the cells (Figure 2 A). The most significant peaks, identified on the loading 237 

plot, to be responsible for the distribution of samples along the PC1 axis are lipid peaks associated with 238 

(i) chain length (-CH2 stretching at 2924 cm-1 and 2853 cm-1 and -CH2 bending at 1466 cm-1), (ii) relative 239 

total content of lipidic compounds (C=O stretching at 1738 cm-1) and protein peaks associated with 240 

proteins’ structure (-C=O stretching at 1627 cm-1 and 1646 cm-1) (Figure 2B). A separation along the 241 

PC2 axis is mainly due to the proteins and the following peaks were registered on the loading plot as 242 

significant: peaks associated with the -C=O stretching in proteins at 1627 cm-1, 1513 cm-1 and 1400 cm-243 

1. Both PC1 and PC2 appears to be responsible for the dissimilarities between different bacterial species 244 

cultivated on different media forms (agar and broth) (Figure 2A).  245 

When evaluating clustering on genus level, it should be noted that some genera were represented only 246 

by one specie and/or strain, therefore the reported results cannot be used to draw conclusions on 247 

biochemical relationships of these genera. Genera represented by two and more species were discussed. 248 

The total cellular biochemical profile of bacteria from genera Carnobacterium showed to be little 249 

affected by the cultivation media. It can be seen from the PCA score plot that specie-specific variability 250 

inside of genera Pseudomonas and Arthrobacter is high, and each specie forms a separate cluster for 251 

cultivation on agar and in broth media. Interestingly, bacteria from genus Carnobacterium did not show 252 

a big variation of biochemical profile for different species cultivated on different media. Interestingly, 253 

Pseudomonas peli BIM B – 1542 grown on agar and in broth clustered outside of other Pseudomonas 254 

strains and can be characterized by a higher lipid content. 255 

To uncover specie-specific differences in biochemical profile of the studied bacteria, visual comparison 256 

of the preprocessed FTIR spectra was performed for each specie separately and it presented on Figure 257 



1S. It could be seen that the most pronounced effect of cultivation media on the total cellular 258 

biochemical profile was detected for Gram-positive bacteria from phylum Actinobacteria, especially it 259 

was visible for Micrococcus luteus BIM B-1545. Further, it can be seen that lipid region is little affected 260 

by the cultivation media and visible changes were observed only for all strains Pseudomonas peli in the 261 

peaks related to CH2 stretching in lipids at 2935 cm-1 and 2853 cm-1 and esters at 1741 cm-1 and 262 

Micrococcus luteus BIM B-1545 in the peaks related to CH3 stretching in lipids at 2960 cm-1 and 2875 263 

cm-1 and esters at 1743 cm-1. In protein region, changes in intensity of Amid I band at 1565 cm-1, 1636 264 

cm-1 and Amid II at 1548 cm-1 was slightly higher after bacteria were cultivated on agar for Gram-265 

positive bacteria and lower for Gram-negative. Additionally, slight shift to lower wavenumbers was 266 

detected for amide I peak at 1640 cm-1 related to β-sheet structures of proteins on broth media compare 267 

to agar media for Gram-negative bacteria. In mixed region highest effect was observed for Micrococcus 268 

luteus BIM B-1545 and bacteria related to Arthrobacter genus in peaks related to CH2 bending in lipids 269 

with little contributions from protein (membrane lipids) at 1400 cm-1 and in vibrational modes of the 270 

phosphate groups at 1240 cm−1 .The polysaccharide region showed to be the most affected by cultivation 271 

media and numerous changes in polysaccharides were recorded for Micrococcus luteus BIM B-1545, 272 

Leifsonia sp. BIM B – 1567 and Arthrobacter agilis BIM B – 1543 (Figure 1S). 273 

In order to gain a deeper understanding on what biomolecules are the main biomarkers for 274 

differentiating the studied bacteria and what biomolecules are more affected by the cultivation media, 275 

we conducted PCA of lipid, protein, mixed, and carbohydrate regions. The analysis revealed that lipid 276 

region is the most discriminative and provide clustering well aligned with phylogeny of the studied 277 

bacteria. This was observed for majority of the bacteria cultivated on both forms of BHI medium, and 278 

spectra from agar-cultivated bacteria in most of the cases provided better phylogeny-aligned clustering 279 

than broth (Figure 4 A and E). For example, bacteria from genera Carnobacterium and Micrococcus 280 

clustered distinctly from each other after cultivation on agar, while showed overlapping clustering after 281 

broth cultivation. Some bacteria showed more discriminative clustering after being grown in broth than 282 

on agar, for example, Flavobacterium degerlachei BIM B – 1562, Acinetobacter lwoffii BIM B – 1558, 283 

Brachybacterium paraconglomeratum BIM B – 1571 showed FTIR profile overlapping with other 284 

strains when grown on agar and formed individual clusters after cultivation in broth (Figure 4E). The 285 



clustering on the PCA score plot of the lipid region is defined by the same lipid peaks as in PCA of the 286 

whole spectral region with addition of peak at 1714 cm-1 indicating a presence of free fatty acids (Figure 287 

5 A and E).  288 

The PCA of protein region showed a high level of similarity between many bacteria from different 289 

genera and species, while Gram groups clustered separately (Figure 4B). The following bacteria 290 

cultivated on agar exhibited relatively distinct clustering according to proteins: (i) Sporosarcina sp BIM 291 

B – 1539, Micrococcus luteus BIM B – 1545, (ii) all strains related to Pseudomonas leptonychotis and 292 

Shewanella baltica (Figure 4B). Cultivation in broth resulted in a relatively high variation of protein 293 

profile between different bacteria and even biological replicates (Figure 4F). The observed distribution 294 

of strains on the PCA score plot when using protein spectral region was based on the contribution from 295 

peaks at 1636 cm-1 and 1656 cm-1 related to β-pleated sheet and a-helical structures, respectively, and -296 

C=O stretching Amide I peak at 1680 cm-1 related to antiparallel pleated sheets (Figure 5 B and F).  297 

The PCA analysis of the mixed spectral region showed a clear clustering according to Gram, genus and 298 

specie phylogeny for bacteria grown on agar and in broth. The loading plot of PC1 indicates that 299 

clustering according to Gram groups is defined by the lipid related peaks associated with -CH2 300 

stretching at 1463 cm-1 and C= O symmetric stretching in amino acids and fatty acyl chains 301 

(peptidoglycan) at 1400 cm-1 (Figure 5 C and G). 302 

PCA analysis of polysaccharide spectral region showed distinctive clustering of several agar-cultivated 303 

bacterial species, for example, Pseudomonas leptonychotis strains and Acinetobacter lwoffii BIM B – 304 

1558, Arthrobacter agilis BIM B – 1543, Brachybacterium paraconglomeratum BIM B – 1571 and 305 

Micrococcus luteus BIM B – 1545 (Figure 4 D and H). From the PCA loading plots it can be seen that 306 

clustering using polysaccharide region was defined by the peaks related to νC-O, νC-C, C-O-C, νP-O-307 

C, νP-O-P group vibrations in polysaccharide sugar rings of the cell wall polysaccharides and 308 

peptidoglycan (Figure 5 D and H). 309 

In addition to biomass, FTIR analysis of supernatants obtained after centrifugation of bacterial cultures 310 

grown in BHI broth was performed. FTIR spectra of pure BHI broth show that the main characteristic 311 

peaks are C=O stretching of the proteins at 1645 cm-1 and 1570 cm-1, C= O symmetric stretching of 312 

COO- group in amino acids at 1400 cm-1 and peaks associated with phosphorus containing compounds 313 



at 1083 cm-1 (Figure 2S). Analysis of supernatant spectra showed that bacteria from genus 314 

Carnobacterium and Facklamia tabacinasalis BIM B – 1577 strain were characterized by additional 315 

peak at 1570 cm-1 (Figure 2S). Similarly, additional peaks at 2338 cm-1, 835 cm-1 and 700 cm-1 occurred 316 

for Shewanella baltica, Pseudomonas lundensis and Pseudomonas leptonychotis species (Figure 2S in 317 

SM). The PCA analysis of supernatant revealed a clear separation along PC1 for Shewanella baltica 318 

species from all other strains and another clear cluster was represented by Pseudomonas lundensis and 319 

Pseudomonas leptonychotis species (Figure 3A). The loading plot shows that the main changes occurred 320 

in protein region (Figure 3B). 321 

Impact of cultivation temperature on the cellular biochemical profile of meltwater bacteria 322 

To investigate the impact of temperature on the total cellular biochemical profile of the Antarctic 323 

meltwater bacteria, we conducted cultivation experiments at various temperatures using BHIA medium. 324 

BHIA medium was chosen due to that it provided better clustering according to the phylogeny. The 325 

PCA analysis of the whole spectral region of the entire dataset of bacteria grown at different 326 

temperatures showed similar clustering as it was reported on the Figure 6, where Gram-negative bacteria 327 

with the exception of Acinetobacter and Pseudomonas lundensis strains, exhibited predominantly 328 

positive PC1 scores, suggesting higher lipid content, while Gram-positive bacteria predominantly 329 

displayed negative PC1 scores, indicating a higher protein content (Figure 6 A). In addition, a clear 330 

separation along the PC2 axis was observed between strains Pseudomonas leptonychotis (BIM B – 331 

1559, BIM B – 1568, BIM B – 1566), Pseudomonas peli (BIM B – 1560, BIM B – 1569, BIM B – 332 

1546, BIM B – 1552, BIM B – 1542, BIM B – 1548), Flavobacterium degerlachei BIM B – 1562 and 333 

Shewanella baltica (BIM B – 1565, BIM B – 1557, BIM B – 1561 and BIM B – 1563), which according 334 

to the loading plot could be associated with the differences in proteins, phosphorus-containing 335 

molecules, and carbohydrates. 336 

Both, PC1 and PC2 were found to contribute to the dissimilarities observed between different species 337 

of bacteria cultivated at different temperatures (Figure 6A). Several bacterial species and strains showed 338 

a noteworthy specie-specific differences in clustering when grown at different temperatures (Figure 6 339 

A):  340 

i. Pseudomonas lundensis BIM B – 1554, BIM B – 1555 and BIM B – 1556 grown at 37°C 341 



ii. Flavobacterium degerlachei BIM B – 1562 grown at 4°C/10°C and 18°C/25°C 342 

iii. Micrococcus luteus BIM B – 1545 grown at 37°C, 25°C and 18°C 343 

iv. Strains of Pseudomonas leptonychotis and Pseudomonas peli grown at 25°C 344 

v. Strains of Shewanella baltica grown at 4°C and 30°C  345 

vi. Acinetobacter lwoffii BIM B – 1558 grown at 18°C/25°C, 4°C/30°C and 10°C 346 

vii. Brachybacterium paraconglomeratum and Facklamia tabacinasalis grown at 10°C 347 

viii. Shewanella baltica cultivated at all temperatures was the only specie grouped separately from 348 

all other species with almost no overlapping.   349 

A visual comparison of different spectral regions for the studied bacterial species indicated that 350 

lipid/ester region 1800-1700 cm-1 is relatively consistent and little affected by the temperature (Figure 351 

3S in SM). A change in the lipid region was observed for Pseudomonas leptonychotis strains and it was 352 

related to an increase in absorbance for the ester peak at 1742 cm-1 at low and extremely high 353 

temperatures. Further, an increase of intensity for the peak at 1713 cm-1 associated with C=O stretching 354 

in free fatty acids was observed for many bacteria grown at lower temperatures. For Pseudomonas 355 

lundensis strains and Acinetobacter lwoffii BIM B – 1558 strains peak at 1713 cm-1 disappeared when 356 

bacteria were grown at 37°C (Figure 3S). This is an indication of increased production and possibly 357 

accumulation of free fatty acids with a temperature change. For the protein region 1700-1500 cm-1 the 358 

biggest effect of temperature in the form of shifts and change in intensity was detected for amide I peak 359 

at 1640 cm-1 and 1656 cm-1 related to β-sheet and α-helix structures of proteins, respectively. A shift to 360 

lower wavenumbers for the peak at 1640 cm-1 was detected for Pseudomonas lundensis strains and 361 

Acinetobacter lwoffii BIM B – 1558 when grown at 37°C (Figure 3S), and an increase of protein-related 362 

peaks was detected for Carnobacterium funditum BIM B – 1541 and Carnobacterium iners BIM B – 363 

1544 (Figure 3S). 364 

The most significant temperature-triggered alterations were recorded in the mixed and polysaccharide 365 

spectral regions 1500-900 cm-1, where signals related to carbohydrates, nucleic acids and phosphates 366 

are present. Thus, an increase of intensity for the phosphodiester-related bands at 1240 cm-1 in mixed 367 

region and at 1083 cm-1 in polysaccharide region along with temperature decrease was recorded for 368 



majority of Gram-negative bacteria while changes for Gram-positive bacteria were less intense with 369 

exception of Arthrobacter agilis BIM B – 1543 (Figure 3S). 370 

The PCA correlation analysis was performed individually for each species to uncover temperature effect 371 

individually for each specie. The resulting correlation loading plots presented on the Figure 7 illustrate 372 

the correlations between spectral variables (characteristic peaks) and design variables (temperature). As 373 

a result, correlation loading plots showing a subset of the most relevant spectral variables (peaks) and 374 

temperature were obtained. Red and blue circles indicate the limit for 50% explained variance (red) and 375 

100% explained variance (blue) and the variable close to the center of the correlation plot are less 376 

important. The variables located outside of the red circle exhibit a high degree of correlation, while 377 

variables located closer to the center are considered less important. By examining the correlation 378 

loading plots, the correlation between temperature and selected infrared peaks was assessed that was 379 

used as an indication of changes of cellular biochemical profile. In a correlation loading plot, the 380 

following types of correlation can be found: (i) Positive correlation refers to a relationship where two 381 

variables change in the same direction, meaning that if one variable increases, another variable also 382 

tends to increase. The positive correlation is indicated by the variables being positioned in the same 383 

quadrant or direction away from the center on the correlation loading plot. (ii) Negative correlation, 384 

indicates a relationship where two variables change in opposite directions, meaning that if one variable 385 

increases, another variable tends to decrease. Negative correlation is represented by variables positioned 386 

in different quadrants or directions from the center on the correlation loading plot.  387 

The most consistent FTIR biochemical profile for all studied species was at 18°C while the growth at 388 

25°C triggered changes in Pseudomonas leptonychotis strains (Figure 7A), Pseudomonas peli strains 389 

(Figure 7B) , Flavobacterium degerlachei BIM B – 1562 (Figure 7F) , Arthrobacter alpinus BIM B – 390 

1549 (Figure 7H), Arthrobacter agilis  BIM B – 1543 (Figure 7G) , where each specie had specific 391 

responses. The growth at higher temperatures 30°C and 37°C was affecting only Shewanella baltica 392 

strains and Pseudomonas lundensis, Acinetobacter lwoffii BIM B – 1558 strains, respectively, where 393 

the main changes were associated with proteins and polysaccharides (Figure 7D and 7C). Low 394 

temperatures (4°C and 10°C) showed to have the highest effect on majority of the studied species, 395 

except all Pseudomonas species, Arthrobacter alpinus BIM B – 1549, Leifsonia sp. BIM B – 1567 and 396 



Carnobacterium iners BIM B – 1544 where each specie showed specific responses (Figure 7). 397 

Correlation analysis showed that Micrococcus luteus BIM B – 1545 (Figure 7J) and Leifsonia sp. BIM 398 

B – 1567 (Figure 7K) have consistent biochemical profile not affected by the temperature. 399 

Discussion 400 

Characterization of the Antarctic meltwater bacteria by FTIR spectroscopy showed biochemical 401 

differences of these bacteria on various phylogenetic levels and the most obvious differences were 402 

observed for different Gram groups, which showed considerable variation in lipid region.  These results 403 

are in accordance with the previously reported and can be explained by the fact that Gram-positive 404 

bacteria have naturally higher peptidoglycan content, whereas Gram-negative bacteria have higher lipid 405 

content (57-59). Gram-negative bacteria have an outer membrane, in addition to their inner membrane, 406 

which composed of lipopolysaccharides (LPS) and phospholipids that can contribute to the higher total 407 

lipid content. Second noticeable differences between two Gram groups were related to peaks associated 408 

with phosphodiester group present in various molecules, such as DNA, phospholipids and teichoic acids 409 

and lipoteichoic acid (58). In Gram-positive bacteria these peaks seem to be associated with mainly 410 

teichoic acids and lipoteichoic acid due to a low amount of phospholipids (58). In addition, FTIR 411 

analysis revealed differences in protein structure between two Gram groups. The studied bacteria  are 412 

psychrotrophic but according to the literature the same differences between Gram-negative and Gram-413 

positive bacteria characterized as mesophilic can be expected (8, 58).  414 

In addition to Gram classification, FTIR profiling provided clear clustering on genus and specie level 415 

that was well aligned with phylogeny. Cultivation on agar provided better phylogeny-aligned clustering 416 

than cultivation on broth. Also, chemical variability was much lower for bacterial biomass obtained 417 

from agar cultivation than from broth cultivation. This can be due to that agar-based cultivation are 418 

static and characterized by the consistency of conditions such as oxygen availability and temperature, 419 

while cultivation in broth can vary in oxygen accessibility and overall gas transfer. Further, the total 420 

cellular biochemical profile of bacteria grown on agar and broth differed considerably especially for 421 

some spectral regions such as polysaccharide region.  Interestingly, lipid spectral region was little 422 

affected by different forms of cultivation medium and provided clear phylogeny-aligned clustering on 423 

genus and specie levels. This might be an indication that lipids are the most steady component of 424 



bacterial cells. As its well known, fatty acid profile of lipids is also used as classification biomarkers 425 

for chemotaxonomy of bacteria (60).  426 

In polar regions, temperature is a factor considerably affecting microbiota (61) and it plays a crucial 427 

role in developing adaptation mechanisms in microbes inhabiting these regions  (62). Therefore, in this 428 

study we investigated the impact of temperature on the total cellular biochemical profile of the Antarctic 429 

meltwater bacteria. Temperature experiments were performed using agar BHI medium since it provided 430 

clustering well aligned with the phylogeny of the studied bacteria. The observed results indicate that 431 

temperature impact is specie-specific and variation of biochemical profile for different strains within a 432 

single species is less than variations caused by temperature as it was also shown previously (42). For 433 

majority of the tested bacteria, the highest impact on cell chemistry was from low and high temperature 434 

and lipids were less affected in comparison to proteins and polysaccharides. However, some bacteria, 435 

as for example, Pseudomonas leptonychotis had an increase of absorbance for ester peak at 1743 cm-1 436 

when grown at low and high temperatures that could be due to the accumulation of PHAs to increase 437 

the survival capabilities. The same results were previously reported for other strains of genus 438 

Pseudomonas (63). Further, for many studied strains, proteins and especially polysaccharides were 439 

considerably affected by temperature meaning that these cell components might play a key role in 440 

temperature adaptation and survival.  For example, an increase in intensity of protein peaks with 441 

temperature change was observed for psychrophiles Carnobacterium funditum BIM B – 1541 and 442 

Carnobacterium iners BIM B – 1544 that could be due to about possible production of cold-shock 443 

proteins as was previously described (64). Overall, correlation analysis showed that the biggest 444 

temperature impact was for the bacteria with the wide growth temperature range and able to grow at 4 445 

to 37°C such as Pseudomonas lundensis strains and Acinetobacter lwoffii BIM B – 1558. Correlation 446 

analysis showed that Micrococcus luteus BIM B – 1545 and Leifsonia sp. BIM B – 1567 have consistent 447 

biochemical profile not affected by the temperature. To the authors knowledge, this study is, for the 448 

first time, reporting a complexity of temperature-triggered cellular biochemical responses where 449 

proteins and polysaccharides stay as the most affected cell components.  450 

 451 

Conclusion 452 



This study, for the first time, reports the total cellular biochemical profile of the Antarctic meltwater 453 

bacteria as well as its variation under different cultivation conditions. The results suggest that agar is 454 

the best form of BHI medium for understanding biochemical nature of phylogenetic relations and 455 

studying effect of abiotic factors on cell chemistry. Temperature-induced changes in the cellular 456 

biochemical profile were specie-specific, with the most significant effects observed in bacteria having 457 

a broad growth temperature range. Furthermore, the study found that alterations in lipids and proteins 458 

due to temperature were less pronounced and detected only in few species while changes in 459 

polysaccharides were more common for all bacteria. Interesting observation was made for Micrococcus 460 

luteus BIM B – 1545 remaining stable biochemical profile in a big range of temperatures but extensively 461 

affected by form of cultivation media what need to be further explored. Overall, FTIR spectroscopy for 462 

bacterial profiling offers a promising approach for efficiently screening the impact of cultivation 463 

conditions in high-throughput settings.   464 
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Tables 485 

Table 1. Peaks assignment for the FTIR-HTS spectra of Antarctic bacteria. Peak frequencies have been 486 

obtained from second derivative spectra. Abbreviations: asym, antisymmetric; sym, symmetric; str, 487 

stretching; def, deformation (23, 24, 27, 31, 58, 65-69). 488 

Wavenumber (cm-1) 

Molecular vibration Cell component Gram - Gram+ 

Lipid region 3050-2800 cm-1 + 1800-1700 cm-1 

3006 

 

=C-H stretching  
Polyunsaturated lipids 

2960 2962 -C-H (CH3) stretching  

Mainly unsaturated lipids, little contribution 

from proteins, carbohydrates, nucleic acids 

2925 -C-H (CH2) stretching  

  

2875 -C-H (CH3) stretching  

2853 -C-H (CH2) stretching  

1742 >C= O stretching  Acyl glycerides, esters, lipids 

1714 νC=O stretching Esters, carboxylic acids 

Protein region 1700-1500 cm-1 

1693, 

1680 
1693,1680 

-C=O stretching  
Antiparallel pleated sheets of amide I band 

1656 -C=O stretching  amide I of a-helical structures 

1636 1640 -C=O stretching  amide I of β-pleated sheet structures 

1570 vCOO asym Asparatate, glutamate 

1548 CONH bending Amid II 

1513 Benzene ring stretch Aromatic amino acids (Phe, Tyr, Trp) 

Mixed region/ 1500-1200 cm-1 

1466 - CH2 deformation mainly lipids with little contributions from 

protein (membrane lipids) - 1453 CH3 deformation 

1376 C-O  

1400 
C= O symmetric 

stretching of COO- 
Amino acids, fatty acyl chains (peptidoglycan) 

1311 C-N   Amide III band 

1240 1243 



1222 1220 

P=O asymmetric 

stretching of >PO2   

Phosphodiesters, phospholipids (membrane), 

teichoic acids, lipoteichoic acids (cell wall), 

nucleic acids (nucleoid) 

mainly nucleic acids with the little contribution 

from phospholipids 

Carbohydrate region 1200-700 cm-1 

1082 

C–O stretching of 

glycogen PO−2 

symmetric stretching 

Phosphodiesters, phospholipids (membrane), 

nucleic acids (nucleoid), teichoic acids 

(peptidoglycan), glycogen 

1059 1058 PO2 str. and C-O-H str.  Phosphate ester. and oligosaccharides 

1170 C-O, C-C str., C-O-H, 

C-O-C def. 

Carbohydrates 

1155 

1119 

1037 1030 

965 

1045–1025 
O stretching of 

glycogen 
 

993 νC-O ribose, νC-C Ribose skelet (ARN) ribosomes, sugars 

‘‘fingerprint region’’ 900-400 cm-1 

 489 

Table 2. Variability and reproducibility of FTIR data 490 

Variability estimated as 1-PCC' 10-4 

Type of variability 

Spectral region 

whole lipids proteins mixed carbs 

4000-700 

cm-1 

3050–2800 

cm−1 

1800–1700 

cm−1 

1700–1500 

cm−1 

1500–1200 

cm−1 

1200–700 

cm−1 

Cultivation in BHIB at 18 °C 

Technical replicates 0,4 0,1 0,4 0,2 0,5 

Biological replicates 8,2 6,2 5,6 5,2 24,8 

Strain 17,1 8,0 7,9 9,7 48,9 

Specie 16,6 11,4 7,1 11,6 47,5 

Genus 40,0 23,6 17,2 25,1 111,7 

Cultivation in BHIA at 18 °C 

Technical replicates 0,7 0,2 0,6 0,5 1,0 

Biological replicates 3,6 1,6 2,7 2,9 5,1 

Strain 7,4 2,9 2,2 6,4 25,3 

Specie 10,3 5,0 4,9 12,0 40,8 

Genus 32,8 27,5 10,3 26,6 58,6 

Cultivation at different temperatures on BHIA 

Technical replicates 0,7 0,4 0,5 0,5 1,2 

Biological replicates 3,1 1,6 2,0 2,3 5,3 

Cultivation time 

(days) 
7,9 4,2 3,8 6,7 17,3 

Strain 10,0 4,9 4,0 8,9 32,5 

Specie 17,8 7,9 5,6 17,2 56,6 

Genus 34,2 28,5 11,3 27,8 75,3 



4 °C 33,0 32,7 8,7 27,9 46,1 

10 °C 41,2 32,3 8,3 25,9 57,8 

18 °C 32,8 27,5 10,3 26,6 58,6 

25 °C 32,1 23,1 12,6 24,2 88,0 

30 °C 22,2 16,1 12,4 16,7 91,2 

37 °C 10,6 6,6 8,4 7,7 84,1 

 491 



 492 

Figure 1. Second derivative spectra of Gram-positive (red) and Gram-negative (blue) Antarctic bacteria 493 
grown on (A) BHIA, (B)- BHIB. Colors and letters represent regions: L-lipid/ester region, P-protein 494 
region, M-mixed region, C-carbohydrate region. Peak assignment given in Table 1. 495 



 496 

Figure 2. Principal component analysis (PCA) of the preprocessed FTIR spectra of Antarctic bacteria 497 
grown in different media (‘●’ – Agar, ‘’ – Broth) at 18°C. A – Score plot of PC1 and PC2 components, 498 
colors represent genera, shapes represent cultivation temperatures. B – Loading plot of FTIR data with 499 
main contributing peaks, PC1 (red) and PC2 (blue). PC1 provided 53% of explained variance and PC2 500 
provided 12% of explained variance 501 
 502 



 503 

Figure 3. Principal component analysis (PCA) of the preprocessed FTIR spectra of supernatants 504 
obtained after cultivation of Antarctic bacteria in BHIB at 18°C. A – Score plot of PC1 and PC2 505 
components, colors represent genera, shapes represent cultivation temperatures. B – Loading plot of 506 
FTIR data with main contributing peaks, PC1 (red) and PC2 (blue). PC1 provided 66% of explained 507 
variance and PC2 provided 15% of explained variance. 508 



  

 

509

510 

511 
512 
513 
514 

Figure 4. PCA score plots of normalized spectra of lipid (A, E), protein (B, F), mixed (C, G) and 

polysaccharide (D, H) spectral regions of the Antarctic meltwater bacteria cultivated on BHIA (A-D) 

and BHIB (E-H). Different colors correspond to different genera and short abbreviations given in Table 

1S SM.  



 515 

516 
517 
518 

Figure 5. PCA loading plots of PC1 and PC2 components of normalized spectra of lipid (A, E), protein 

(B, F), mixed (C, G) and polysaccharide (D, H) spectral regions of Antarctic meltwater bacteria 

cultivated on BHIA (A-D) and BHIB (E-H) .



 519 

Figure 6. PCA of the preprocessed second derivative FTIR spectra of the Antarctic meltwater bacteria 520 
grown at different temperatures (‘●’ – 4°C, ‘’ – 10°C, ‘▲’ – 18°C, ‘’ – 25°C, ‘’ – 30°C, ‘’ – 521 
37°C). A – Score plot of PC1 and PC2 components, colors represent genera, shapes represent cultivation 522 
temperatures. B – Loading plot of the FTIR data with the main contributing peaks, PC1 (red) and PC2 523 
(blue). PC1 provided 53% of explained variance and PC2 provided 12% of explained variance. 524 



525 
Figure 7. Correlation loading plots for PC1/PC2 for each specie. Black—isolate number; red 526 
temperature; blue—lipid/ester region; pink—mixed region; violet—protein region, green— 527 
polysaccharide region  528 



Supplementary material 529 

Table 1S. Overview over cultivation time (days), temperatures and growth of the Antarctic meltwater 530 

bacteria cultivated on BHIB and BHIA. Gray color indicates the absence or very little growth, 531 

*moderate psychrophiles 532 

Genus Specie 
Short 

abbreviation 
Strain 

Collection 

number 

BHI

B 
BHIA 

18°C 4 10 18 25 30 37 

Gram-negative 

Shewanella Shewanella baltica Shebal 

TMP1 BIM B – 1565 3 4 4 2 1 1  

TMP5 BIM B – 1557 3 4 4 2 1 2  

TMP11 BIM B – 1561 3 4 4 2 1 2  

TMP14 BIM B – 1563 3 4 4 2 1 1  

Acinetobacter Acinetobacter lwoffii Acilwo TMP6 BIM B – 1558 3 16 4 2 1 2 3 

Pseudomonas 

Pseudomonas 

lundensis 
Pselun 

TMP2 BIM B – 1554 3 4 4 2 1 1 3 

TMP3 BIM B – 1555 3 4 4 2 1 1 3 

TMP4 BIM B – 1556 3 4 4 2 1 1 3 

Pseudomonas 

leptonychotis 
Pselep 

TMP7 BIM B – 1559 3 6 4 3 3 4 
 

TMP18 BIM B – 1568 3 6 3 3 3 2  

TMP19 BIM B – 1566 3 6 3 3 3 4  

Pseudomonas peli Psepel 

TMP9 BIM B – 1560 3 9 4 3 3 
  

TMP17 BIM B – 1569 3 6 5 3 3 
  

TMP20 BIM B – 1546 3 9 4 3 3 
  

TMP22 BIM B – 1552 3 6 4 4 3 
  

TMP25 BIM B – 1542 3 6 5 5 3 
  

TMP26 BIM B – 1548 3 6 4 3 3 
  

Flavobacterium 
Flavobacterium 

degerlachei 
Fladeg TMP13 BIM B – 1562 3 6 5 5 3   

Gram-positive 

Sporosarcina Sporosarcina sp. Sposp TMP10 BIM B – 1539 3 6 4 3 3 2 
 

Carnobacterium 

Carnobacterium 

funditum 
Carfun* TMP27 BIM B – 1541 3 6 5 5 

   

Carnobacterium iners Carine* TMP28 BIM B – 1544 3 9 4 5 
   

Carnobacterium 

inhibens 
Carinh TMP12 BIM B – 1540 3 6 7 4 2 2  

Facklamia 
Facklamia 

tabacinasalis 
Factab TMP29 BIM B – 1577 3 

 
5 5 4 4 

 

Arthrobacter 
Arthrobacter alpinus. Artalp TMP15 BIM B – 1549 3 4 4 3 3 

  

Arthrobacter agilis Artagi TMP24 BIM B – 1543 3 9 6 3 4   

Brachybacteriu

m 

Brachybacterium 

paraconglomeratum 
Brapar TMP16 BIM B – 1571 3 

 
5 4 3 2 3 

Micrococcus Micrococcus luteus Miclut TMP21 BIM B – 1545 3 
 

6 3 3 1 3 

Agrococcus Agrococcus citreus Agrcit TMP23 BIM B – 1547 3 
   

4 
  

Leifsonia Leifsonia sp. Leisp TMP30 BIM B – 1567 3 8 5 4 4 
  

 533 



 534 

Figure 1S. Preprocessed second derivative FTIR-HTS spectra averaged for agar and broth media of 535 
each specie. 536 



 537 

Figure 2S. Preprocessed FTIR-HTS spectra of BHIB media and spectra of supernatant for each specie  538 



 539 

Figure 3S. Second derivative FTIR spectra of bacterial biomass of different bacterial species grown 540 
at different temperatures (blue – 5°C, dark blue– 10°C, green – 18°C, orange – 25°C, pink – 25°C 541 
and red – 25°C).  542 
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Highlights 13 

Bacteria from the genera Leifsonia, Cryobacterium, Flavobacterium, and Rhodococcus 14 

displayed the highest relative pigment content. 15 

Temperature had distinct species-specific effects on pigments production in bacteria.  16 

FT-Raman spectroscopy proved to be a powerful method for library-independent and 17 

descriptive assessment of pigment production in bacteria.  18 

Blue light-induced production of carotenoids in bacteria.  19 

Pronounced pigments photodegradation effect was observed in the pigmented bacterial 20 

biomass after exposure to light 900 lux for 60 hours.  21 

Abstract 22 

Microbial pigments can replace synthetic organic pigments which often produced in 23 

unsustainable way and can be toxic. Therefore, search for new pigment producing 24 

microorganisms is of high interest for industry. In this study, a screening and characterization 25 

of pigment profile and photostability in seventy-four newly isolated Antarctic bacteria using 26 

Fourier-transform (FT) Raman spectroscopy and HPLC-MS was performed. Screening of the 27 

bacterial biomass by FT-Raman identified thirty-seven bacterial strains from the genera 28 

Agrococcus, Arthrobacter, Brachybacterium, Cryobacterium, Leifsonia, Micrococcus, 29 

Paeniglutamicibacter, Rhodococcus, Salinibacterium and Flavobacterium as having relatively 30 

high pigment content. The impact of growth temperature on the pigment production in the 31 

studied Antarctic bacteria was species - specific, while blue light exposure triggered pigment 32 

production in majority of the studied bacteria. HPLC-MS analysis of a biomass of a set of ten 33 

pigmented Antarctic bacteria identified eighteen different carotenoids and precursors. FT-34 

Raman spectroscopy showed to be suitable for both, semi-qualitative library-independent 35 

identification of pigment producing bacteria and determination of pigment profile using 36 
spectral library of reference pigment standards. This study provides valuable insights into the 37 
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pigment production capabilities of Antarctic bacteria and highlighting the potential of FT-38 

Raman spectroscopy for characterizing microbial pigments. 39 

 40 

Graphical abstract was created with BioRender.com 41 

Introduction 42 

Pigments have a significant industrial importance and find diverse applications in food, feed, 43 

cosmetics, and chemical industry. Majority of pigments used in industry are synthetic (Kumar 44 

et al., 2015). Synthetic organic pigments can be obtained with high purity, consistency, and 45 

stability and they can be customized for specific properties depending on the final application 46 

(Singh et al., 2023). Despite these advantages, there is an increasing trend in the industry to 47 

switch from synthetic organic to natural pigments that creates a high demand of naturally 48 

sourced pigments (Kumar et al., 2015;Singh et al., 2023). This is mainly due to the reported 49 

toxicity, pollution potential and many environmental and sustainability concerns of their 50 

production. Many food, feed and cosmetic producers tend to include more natural ingredients 51 

in their products (Kumar et al., 2015;Di Salvo et al., 2023). Also, textile and dye industry 52 

searches for natural alternatives of pigments. Therefore, exploring new bio-based sources of 53 

pigments and establishing their production becomes a crucial step in elevating sustainability of 54 

the modern industry  (Sajjad et al., 2020).  55 

Naturally sourced pigments usually have plant, insect, mineral ores or microbial origin (bacteria, 56 

cyanobacteria, algae, fungi, yeast, archaea) (SenBarrow and Deshmukh, 2019;Singh et al., 57 
2023). Industrial production of plant-based pigments is often restricted by high extraction cost 58 

and availability of plant biomass which often comes as a by-product, rest material or waste of 59 
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other productions (Lyu et al., 2022). Establishing agricultural production of plants dedicated to 60 

pigment production is challenging and hindered by the European Green Deal which aims to 61 

make land use more sustainable and environmentally friendly. Therefore, in recent years, 62 

considerable attention has been given to microbe-based pigments, production of which is 63 

independent on land use or climate and can be performed in accordance with sustainability 64 

standards fulfilling all main EU Bioeconomy strategies.   65 

Among pigment-producing microorganisms the most promising are bacteria, cyanobacteria, 66 

yeast and microalgae which are unicellular and characterized by a rapid uniform growth and 67 

ability to utilize various substrates often considered as wastes, side-streams, or by-products 68 

(SenBarrow and Deshmukh, 2019;Pailliè-JiménezStincone and Brandelli, 2020). Microbes 69 

produce a wide range of pigments with different structures and biological properties, such as 70 

actinorhodin, carotenoids, flexirubin, melanin, phycocyanin, phycoerythrin etc. (Chatragadda 71 

and Dufossé, 2021). Today, among all carotenoids, six are regarded as industrially significant: 72 

astaxanthin, β-carotene, canthaxanthin, lutein, lycopene, and zeaxanthin (Martínez-Cámara et 73 

al., 2021).  But similarly to plants, industrial production of microbe-based pigments is 74 

represented by very few examples: astaxanthin (Alga Technologies, Israel; BlueBiotech, 75 

Germany; Cyanotech, USA), astaxanthin and mixture of β-carotene, zeaxanthin, cryptoxanthin 76 

and lutein (Parry Nutraceuticals, India; Plankton Australia Pty Limited, Australia) (Igreja et 77 

al., 2021). Bacterial pigments with current or potential use as natural food colourants include 78 

astaxanthin (a pink-red pigment) from Agrobacterium aurantiacum and Paracoccus 79 

carotinifaciens, rubrolone (a red pigment) from Streptomyces echinoruber, zeaxanthin (a 80 

yellow pigment) from Flavobacterium sp. and Paracoccus zeaxanthinifaciens (Ahmad et al., 81 

2012). Limited availability of industrially produced natural pigments of microbial origin 82 

replacing synthetic alternatives is mainly due to the lack of knowledge on the availability of 83 

microorganisms capable to synthesize certain pigments. According to the Carotenoid Database 84 

Japan, there are 702 microorganisms registered as capable of producing natural carotenoids, 85 

but many of them produce the same type of carotenoids or their precursors which have no 86 

industrial applications (Yabuzaki, 2017). Thus, there is an increasing need in searching, 87 

identifying and characterizing new pigment-producing microbes.  88 

Among pigment-producing microorganisms those isolated from polar regions are of special 89 

interest since they often possess an ability to synthesize a wide variety of pigments which 90 

function as cell photoprotectors and antioxidants allowing them to survive and adapt to extreme 91 

conditions such as low temperature and high UV radiation (Fong et al., 2001;DieserGreenwood 92 

and Foreman, 2010;Tuncer et al., 2014;Silva et al., 2019;Seel et al., 2020;Styczynski et al., 93 

2020;Silva et al., 2021). In addition, it has been reported that pigments from polar 94 

microorganisms have unique properties such as high photostability and light-absorbing 95 

capability, and higher resistance to UV radiation (Silva et al., 2019).  96 

Recently, it has been suggested that microbial pigments or even microbial pigmented biomass 97 

can be used in solar cells dyeing or dye-synthesized solar cells (Órdenes-Aenishanslins et al., 98 

2016). Photostability is a critical factor in assessing the feasibility of microbial pigments as 99 

photosensitizers for implementation in solar cells (Hernández-Velasco et al., 2020). The 100 

average illuminance for direct sunlight exposure ranges from 30.000 to 100.000 lux. In the 101 

Antarctic, light intensity ranges from almost nothing during winter (max 500 lux during this 102 

period) up to 100 000 lux in summer (Owen and Arendt, 1992). 103 

In this study we performed screening of 74 fast-growing cold-adapted Antarctic bacteria to 104 
uncover their capability to produce various pigments. For the screening, we utilized Fourier-105 

transform (FT) Raman spectroscopy which is well-known for sensing pigments and performing 106 
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qualitative pigment analysis of the biomass (Dzurendová et al., 2021). HPLC-MS was utilized 107 

for characterizing pigments profile of the extracted pigments for the most promising pigment-108 

producing Antarctic bacteria. Furthermore, we evaluated biotechnological potential of the 109 

Antarctic bacteria identified as the most promising pigments producers and studied their 110 

pigment photostability in an intact biomass.   111 

Materials and methods 112 

Bacterial strains  113 

Seventy-four fast-growing cold-adapted Antarctic bacteria obtained from the Belarussian 114 

Collection of Non-pathogenic Microorganisms, Institute of Microbiology of the National 115 

Academy of Science of Belarus (Minsk, Belarus) were used in the study for screening 116 

experiment, from them ten strains were selected for detail pigment analysis, evaluation of blue 117 

light effect on pigments production and photostability testing (Table S1 in SM). The bacteria 118 

were isolated from green snow and meltwater ponds in the Vecherniy District of the Tala Hills 119 

oasis, located in the Western part of Enderby Land (East Antarctica) during the 5th (2013) and 120 

7th (2014-2015) Belarusian Antarctic Expedition. All bacteria were identified by 16S rRNA 121 

gene sequencing and deposited in Belarussian Collection of Non-pathogenic Microorganisms. 122 

Detailed biochemical and physiological characterization was performed and reported 123 

previously (Akulava et al., 2022;Smirnova et al., 2022;Smirnova et al., 2023).  124 

Cultivation and sample preparation for screening by FT-Raman analysis  125 

Bacteria were recovered from cryo-preserved cultures by culturing on brain heart infusion 126 

(BHI) agar (Sigma Aldrich, USA) for 7 days at 18°C. A single colony of each strain was 127 

transferred into 7 mL of BHI broth (Sigma-Aldrich, USA) in a Duetz microtiter plate system 128 

(Duetz-MTPS, Enzyscreen, Netherlands) consisting of 24-square extra high polypropylene 129 

deep well microtiter plates (MTPs) with low-evaporation sandwich covers and extra high cover 130 

clamps. To obtain enough biomass for FT-Raman analysis, each strain was inoculated into four 131 

wells of a microtiter plate. Inoculated MTPs were mounted on the shaking platform of MAXQ 132 

4000 incubator (Thermo Fisher Scientific, Waltham, MA, USA) and incubated at 5, 15 and 25 133 

°C, with 400 rpm agitation speed (1.9 cm circular orbit) for 7 days. One well in each plate was 134 

filled with a sterile medium for cross-contamination control. All cultivations were done in two 135 

independently performed biological replicates. 136 

Bacterial biomass was separated from the growth medium by centrifugation (Heraeus 137 

Multifuge X1R, Thermo Scientific, Waltham, MA, USA) at 2330 g, 4 °C for 10 min and 138 

washed with distilled water three times. After the washing step, bacterial biomass was freeze-139 

dried (Labconco, USA) until constant weight and stored at -80 °C for further FT-Raman 140 

measurements. 141 

Cultivation and sample preparation for HPLC-MS analysis 142 

Cultivation of the selected strains for analysis by high-performance liquid chromatography 143 

coupled with mass spectrometry (HPLC-MS) and evaluation of pigment stability in bacterial 144 

biomass was done in shake flasks using BHI broth. First, overnight inoculum culture was 145 

prepared in 10 mL BHI broth at 15 °C. Then, shake flasks with 100 mL of BHI broth medium 146 

were inoculated with 10 mL of the overnight inoculum. All cultivations were carried out in the 147 
shaker incubator MAXQ 4000 (Thermo Fisher Scientific, Waltham, MA, USA) at 15 °C and 148 
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400 rpm agitation (1.9 cm circular orbit). All cultivations were done for 7 days, in two 149 

biological replicates which were independent cultivation runs performed on different days. 150 

Bacterial biomass was separated from the growth medium by centrifugation (Heraeus 151 

Multifuge X1R, Thermo Scientific) at 11510 g, 4 °C for 10 min and washed with distilled water 152 

three times. After the washing step bacterial biomass was freeze-dried (Labconco, USA) until 153 

constant weight and stored at -80 °C. Freeze-dried biomass was then used directly for extraction 154 

of pigments for HPLC-MS, FT-Raman, and TLC analysis and evaluation of pigments stability. 155 

All these steps were carried out under low light conditions to avoid pigment degradation. 156 

Cultivation under blue light exposure 157 

To determine the effect of light on growth and carotenoid accumulation, cultivation of bacteria 158 

in 500 mL baffled shake flasks was conducted using blue (455 nm) LED light as it was reported 159 

previously (Sumi et al., 2019). The level of illuminance for the experiment was in a range of 160 

470-680 lux. Blue light spectra for each experimental setup are depicted on Figure S1 in SM. 161 

The cultivation in blue light was done in ISFX1 Climo-Shaker (Kuhner, Germany) equipped 162 

with LED lights using single output LED Driver mix mode (Mean Well, Taiwan) (Benjamin 163 

Dupuy--Galet). To ensure light-free conditions for control samples, the flasks were also shaded 164 

with aluminum foil, and the glass door of the shaker was covered with aluminum foil. Control 165 

samples were collected from cultures incubated in the dark. 166 

Extractions of bacterial pigments for HPLC-MS and TLC analysis 167 

Extraction of pigments for HPLC-MS was done as follows: each sample of 30 mg of bacterial 168 

biomass was treated with 1 mL MeOH (Sigma-Aldrich, USA) at 60 °C and followed by 15 min 169 

homogenization in an ultrasonic bath (Crest Powersonic P1100 Ultrasonic Cleaner, USA). 170 

After that insoluble material was separated by centrifugation (Centrifuge ELMI CM-50) at 171 

18000 g for 10 min and supernatant was filtered using PTFE filter with pore size 0.45 µm into 172 

1.8 mL glass vial. Extraction of pigments for thin layer chromatography (TLC) analysis and 173 

FT-Raman measurements was done as described by (Byrtusová et al., 2021). 174 

HPLC-MS analysis 175 

The extracted pigments were separated using the HPLC-DAD-MS system Agilent Q-TOF 176 

6550 (Agilent Technologies, Santa Clara, CA, USA). The samples in a volume of 5 µL were 177 

injected into Thermo Fisher Scientific Hypersil GOLD 1.9 μm HPLC analytical column. The 178 

stepped linear gradient of buffers A (0.1% formic acid (VWR chemicals, USA) in water) and 179 

B (0.1% formic acid and 99.9% acetonitrile (Sigma-Aldrich, Germany) were distributed as 180 

follows: 00-05 min – 50% buffer А and 50% buffer B, 05-40 min – gradient from 50-100% 181 

buffer B, 40-45 min – 100% buffer B. The separation of components was monitored using a 182 

photodiode array detector at the 190-600 nm range and a mass spectrometer tandem 183 

quadrupole-time-of-flight at the 50-1700 m/z range. A positive electrospray ionization mode 184 

(ESI+) with a time-of-flight TOF detector was used. The peak area (450 nm) representing 185 

carotenoids was used for semi-quantitative calculations. 186 

Thin-layer chromatography  187 

TLC was used to separate pigments extracted from the bacteria for the subsequent analysis by 188 
FT-Raman spectroscopy. For TLC the following solvent mixtures were used: (1) Acetone: n-189 

heptane (1:1) (SuiLiu and Deng, 2014), 2) Chloroform: methanol (93:7) (Squillaci et al., 2017). 190 
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Silica Gel 60 F254 (0.25 mm, Merck, Darmstadt, Germany) was activated in the solvent used 191 

for the separation before each analysis. All samples were placed on TLC plates, dried, and 192 

measured directly with FT-Raman. The following pigments were used as standards: 193 

canthaxantin (No. 0380), phytoene (No. 0044), lycopene (No. 0031), zeaxanthin (No. 0119), 194 

echinenone (No. 0283), neurosporene (No. 0034), and beta-carotene (CaroteNature GmbH, 195 

Münsingen, Switzerland), astaxanthin (Sigma Aldrich, Country) and bacterioruberin extract 196 

(32719-43-0, HALOTEK Biotechnologie GmbH, Leipzig, Germany) (Mandelli et al., 2012). 197 

FT-Raman measurements 198 

Raman spectra were acquired in a backscattering configuration using a MultiRAM FT-Raman 199 

spectrometer (Bruker Optik GmbH in Ettlingen, Germany). The instrument was equipped with 200 

a neodymium-doped yttrium aluminium garnet (Nd:YAG) laser operating at 1064 nm (9394 201 

cm−1) and a germanium detector cooled with liquid nitrogen. 202 

FT-Raman spectroscopy analysis of the pigments in intact biomass was performed using 203 

freeze-dried bacterial biomass. Approximately 5-10 mg of the biomass was transferred to flat-204 

bottom 400 μL glass inserts (Agilent, USA). The glass inserts were then placed in a 96-well 205 

multi-well holder, and measurements were conducted using a high-throughput setting stage 206 

measurement accessory (Figure S2A in SM). 207 

To measure pure pigment standards using FT-Raman, the pigments were dissolved in 208 

chloroform to achieve a final concentration of 1 mg/mL. The pigment solution was then 209 

deposited onto a TLC silica plate (Merck, Germany), and the solvent was evaporated. Finally, 210 

the plate with the deposited pigments was placed on the Z-motorized stage measurement 211 

accessory for subsequent measurements (Figure S2B in SM). 212 

For the analysis of extracted pigments using FT-Raman, the pigments were deposited onto a 213 

TLC silica plate (Figure S2A in SM). After solvent was evaporated, the plate was placed on a 214 

Z-motorized stage measurement accessory for further measurements. Additionally, thin-layer 215 

chromatography (TLC) was performed to separate different pigments in the extract. Each 216 

pigment fraction on the TLC plate was then measured by FT-Raman by placing it on the Z-217 

motorized stage measurement accessory (Figure S2C in SM). 218 

For screening experiment, evaluation of blue light effect and photostability testing the 219 

acquisition of spectra involved the following parameters: 2048 scans, Blackman–Harris 4-term 220 

apodization, a spectral resolution of 8 cm−1, and a digital resolution of 1.928 cm−1, spanning 221 

the spectral range from 3785 to 45 cm−1. The laser power used was set at 500 mW. For analysis 222 

of pigment extracts and standards on TLC plate the acquisition of spectra involved the 223 

following parameters: 128 scans, Blackman–Harris 4-term apodization, a spectral resolution of 224 

4 cm−1, and a digital resolution of 1.928 cm−1, spanning the spectral range from 3785 to 45 225 

cm−1. The laser power used was set at 900 mW. All measurements were performed in two 226 

technical replicates for all type of samples (biomass, standards and extracts). The acquisition 227 

and control of data were performed using the OPUS software (Bruker Optik GmbH in 228 

Ettlingen, Germany). 229 

Evaluation of pigments stability in bacterial biomass with FT-Raman spectroscopy 230 

To measure pigment stability, 5 mg of the freeze-dried biomass was placed onto a weighing 231 
boat (VWR, USA) in a monolayer. Solar simulator Sun 2000 (Abet Technologies, USA) was 232 

used for light explosion. Light emission in the full spectral range (280-2500 nm) was used with 233 
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an AM 1.5G and UVC blocking filters implemented: Atmospheric Edge (AE) filter for 234 

terrestrial cells with response below 360 nm and for life sciences, UVC blocking filters for 235 

material and life sciences, resulting with the emission in 300-2500 nm spectral range. Light 236 

intensity was set at 550W. Calibration of the instrument was performed before each 237 

measurement with digital multimeter (Fluke 175, USA) attached to silicon reference cell (Rera 238 

solutions, Netherlands) to ensure same energy of light for each exposure equal to 93.7 mV. 239 

Illuminance meter T-10A (Konica Minolta, Japan) was used to measure illuminance before 240 

each measurement. The level of illuminance for the experiment was 900 lux. Measurements 241 

were performed every 5 hours and every 10 hours after the first 10 hours of measurements. 242 

Control samples were placed at the same temperature but covered with aluminum foil to 243 

prevent exposure to light. All measurements were done in duplicates. 244 

Data analysis 245 

HPLC-MS data 246 

The obtained HPLC-MS data were analyzed by Feature (Table S2 in SM) algorithms in Mass 247 

Hunter Qualitative Analysis software (Agilent, USA) and by Find by Formula (Table S3 in 248 

SM). 249 

PCA analysis of FT-Raman data 250 

For principal component analysis (PCA), FT-Raman spectra of the bacterial biomass were 251 

preprocessed in the different way for different set of data. For screening experiment, 2011 raw 252 

spectra were preprocessed in the following way: (1) Truncation of data to spectral range 3200-253 

600 cm-1; (2) Baseline correction with rubber band algorithm; (3) Normalization by applying 254 

area normalization (integral from 0); (4) Quality test: The peak maximum values within the 255 

biomass region (1430-1470 cm-1) and the non-informative region (1800-2000 cm-1) were 256 

identified, and the ratio between these maximum values was calculated. Spectra with a ratio 257 

lower than 5 were excluded due to the low signal-to-noise ratio. 1885 spectra have passed the 258 

quality check and were used in the PCA. For library-dependent experiment of the samples 259 

measured on TLC plate, 118 raw spectra were preprocessed in the following way: (1) 260 

Truncation of the region of interest 1570-1460 cm; (2) Baseline correction with rubber band 261 

algorithm; (3) Normalization by applying area normalization (integral from 0). 262 

Orange data mining toolbox version 3.31.1 (University of Ljubljana, Ljubljana, Slovenia) was 263 

used for the preprocessing and spectral analysis (Demšar et al., 2013; Toplak et al., 2017).  264 

Ratiometric analysis of FT-Raman data 265 

Ratiometric analysis using FT-Raman spectra was used to determine the relative pigment 266 

content in bacterial biomass obtained under both optimal and stress growth conditions, while 267 

also assessing pigment degradation under exposure to light and temperature (Svechkarev et al., 268 

2018;Kochan et al., 2020). For screening experiment, 1885 spectra (preprocessed in 269 

aforementioned way) were analyzed. For blue-light exposition experiment, 318 raw spectra 270 

were preprocessed in the following way: (1) Truncation of data to spectral range 3200-600 cm-271 
1; (2) Baseline correction with rubber band algorithm; (3) Quality test: The peak maximum 272 

values within the biomass region (1430-1470 cm-1) and the non-informative region (1800-2000 273 

cm-1) were identified, and the ratio between these maximum values was calculated. Spectra 274 
with a ratio lower than 2.5 were excluded due to the low signal-to-noise ratio. 290 spectra have 275 

passed the quality check. For light stability testing, 243 raw spectra were preprocessed in the 276 



8 
 

following way (1) Truncation of data to spectral range 3200-600 cm-1;(2) Spectral smoothing 277 

by applying the Savitzky−Golay algorithm using a polynomial order of degree 2, derivative 278 

order 2 and window size 11 (Savitzky and Golay, 1964); (3) Quality test: The peak maximum 279 

values within the biomass region (1430-1470 cm-1) and the non-informative region (1800-2000 280 

cm-1) were identified, and the ratio between these maximum values was calculated. Spectra 281 

with a ratio lower than 2 were excluded due to the low signal-to-noise ratio. 239 spectra have 282 

passed the quality check.  283 

After preprocessing, for estimating the relative content of pigments, carotenoid-to-biomass 284 

ratio (C/B) was calculated. Specifically, the ratio between peak maxima in the range of 1500-285 

1540 cm-1 (related to C=C stretching in polyene chain of carotenoids) and peak maxima in the 286 

range of 1430-1470 cm-1 (related to CH2 and CH3 deformations of lipids, proteins and 287 

carbohydrates, thus serving as proxy signal for total biomass) was calculated (Dzurendová et 288 

al., 2021). Orange data mining toolbox version 3.31.1 (University of Ljubljana, Ljubljana, 289 

Slovenia) was used for the preprocessing and spectral analysis (Demšar et al., 2013; Toplak et 290 

al., 2017). 291 

Results 292 

Semi-qualitative library-independent screening by FT-Raman spectroscopy  293 

The screening of seventy-four fast-growing Antarctic bacteria using FT-Raman spectroscopy 294 

was conducted to investigate their pigment production capabilities at different temperatures. 295 

The bacteria were cultivated at three different temperatures (5°C, 15°C, and 25°C) the results 296 

of the growth ability present in Table S1. The resulting biomass was analyzed using FT-Raman 297 

spectroscopy. This screening is semi-qualitative and is based on the library-independent 298 

analysis of FT-Raman data.  299 

Carotenoid pigments exhibit strong resonance Raman effect. Specifically, the conjugated 300 

nature of π-electrons from the polyene backbone causes electronic states of lower energy, 301 

leading to strong resonant enhancement of certain vibrational frequencies by excitation lasers 302 

emitting in red and near-infrared part of the spectrum. The Raman spectra of carotenoids are 303 
dominated by three characteristic vibrational bands: C=C stretching vibration (ν1), typically 304 

observed as peaks in the Raman spectrum around 1500-1520 cm-1, indicating the presence of 305 

carbon-carbon double bonds within the carotenoid molecule. Additionally, the conjugated 306 

carbon backbone gives rise to C–C stretching vibration (ν2), visible as peaks in the range of 307 

1100-1120 cm-1. Carotenoids often exhibit a peak around 1000 cm-1 related to the C–CH3 308 

deformation mode (ν3), allowing the identification of methyl (CH3) groups in the carotenoid 309 

structure (Jehlička et al., 2014) (Figure 1). Based on the visual inspection of FT-Raman spectra 310 

it can be concluded that majority of pigments present in the studied Antarctic bacteria are 311 

carotenoids. 312 

 313 
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 314 

Figure 1. Normalized FT-Raman representative spectra of pigmented bacteria Cryobacterium 315 

soli BIM B-1658 (pink) and non-pigmented bacteria Shewanella baltica BIM B-1557 (grey) 316 

with main peak assignments. 317 

As a first step of the screening, we performed qualitative analysis to evaluate capability of the 318 

studied bacteria to produce pigments. For this, the obtained FT-Raman data were analysed by 319 

performing principal component analysis (PCA) for the whole spectral region (3200 - 600 cm-320 
1) where a distinct distribution of samples along the first principal component (PC1) was 321 

observed on the score plot (Figure 2A). The loading plots in Figure 2B illustrate the weight of 322 

each original variable (wavenumbers) on the PCs and the contribution of each spectral feature. 323 

The separation along both PC axes was due to changes in the C=C at 1525 cm-1, C-C at 324 

1156 cm-1 and C-CH3 at 1005 cm-1 related to carotenoids (Figure 2B). PCA analysis of FT-325 

Raman data revealed that all bacteria belonging exclusively to Actinobacteria and 326 

Bacteroidetes phyla showed presence of pigments in a considerable amount in their biomass 327 

based on appearance of carotenoid-specific peaks at high intensity. Among them, strains related 328 

to the genera Leifsonia, Cryobacterium, Flavobacterium, and Rhodococcus showed the highest 329 

absorption values for all pigment specific peaks. Additionally, the PC1 axis exhibited 330 

temperature-induced differences (Figure 2A), particularly noticeable for Cryobacterium, where 331 

bacteria cultivated at 5°C were clearly separated from those grown at 15°C and 25°C (Figure 332 

2A).  333 

The PCA score plot for the first and second components of FT-Raman spectra of freeze-dried 334 

bacterial biomass is presented in Figures S3A, S3B and S3C in SM, while the corresponding 335 

loadings can be found in Figures S3D, S3E and S3F in SM. The PCA score plot demonstrates 336 
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distinct clustering based on genera. Optimal clustering occurred at 15°C and 25°C. Further 337 

15°C was used for the cultivation of samples for reference analysis and for assessing stability 338 

and photostability, as not all bacteria could thrive at 25°C. The loadings depicted in Figures 339 

S3D, S3Eand S3F reveal that genera-specific variations in biomass composition are primarily 340 

influenced by the ratio of main cellular components, specifically proteins in PC1 (2925 cm⁻¹), 341 

lipids in PC2 (2891 and 2854 cm⁻¹) and carotenoids in both PC1 and PC2 (1525, 1156, and 342 

1005 cm⁻¹) (Figure 2). For instance, at 5°C Arthrobacter and Leifsonia displayed the highest 343 

pigment production, while at 15°C, the highest production was observed in Rhodococcus, 344 

Leifsonia, and at 25°C, in Cryobacterium and Arthrobacter. 345 

 346 
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Figure 2. Principal component analysis (PCA) of the preprocessed FT-Raman spectra of 347 

Antarctic bacteria grown at different temperatures (‘●’ – 5°C, ‘’ – 15°C and ‘▲’ – 25°C). A 348 

– Score plot of PC1 and PC2 components, different colors represent genera (Aci-Acinetobacter, 349 

Agr-Agrococcus, Art-Arthrobacter, Bra-Brachybacterium, Car-Carnobacterium, Cry-350 

Cryobacterium, Fac-Facklamia, Fla-Flavobacterium, Lei-Leifsonia, Mic-Micrococcus, Pae-351 

Paeniglutamicibacter, Pol-Polaromonas, Pse-Pseudomonas, Psy-Psychrobacter, Rho-352 

Rhodococcus, Sal-Salinibacterium, She-Shewanella, Spo-Sporosarcina), vector indicates the 353 

direction of increasing carotenoid content within the biomass. B – Loading plot of FT-Raman 354 

data with the main contributing peaks, PC1 (red) and PC2 (blue). PC1 provided 67% of 355 

explained variance and PC2 provided 12% of explained variance. 356 

To assess the impact of temperature on the bacterial pigment profiles, we compared spectra of 357 

bacterial biomass obtained after cultivation at different temperatures and examined the 358 

presence of shift(s) for pigment related peaks. Overall, the obtained results showed that bacteria 359 

share a common spectral fingerprint with similar pigment-specific peaks registered with 360 

different intensities (Figure 3A). However, some genera and species exhibited varying pigment 361 

profiles detected as a shift of the peak related to the C=C stretching observed as peaks in the 362 

Raman spectrum around 1500-1550 cm-1 (Figure 3B). Thus, it could be seen that based on the 363 

peak maxima of the C=C stretching vibrations in carotenoids all bacteria could be split into 364 

groups on genus level: (1) Agrococcus, Brachybacterium, Micrococcus and 365 

Paeniglutamicibacter with peak maxima at 1530 cm-1; (2) Arthrobacter, Leifsonia, 366 

Salinibacterium with maxima of the peak around 1528 cm-1; (3) Flavobacterium, 367 

Cryobacterium, Salinibacterium with maxima of the peak around 1525 cm-1 ; (4) Rhodococcus 368 

with peak maxima at 1520 cm-1 and (5) unique spectra with peak maxima at 1506 cm-1 for 369 

Arthrobacter agilis BIM B-1543. Peak shifts were observed among different species within a 370 

single genus for Arthrobacter, Rhodococcus, Leifsonia, except of Cryobacterium (Figure 3B). 371 

Additionally, it was noticed that temperature had a discernible effect on the peak shift for 372 

Rhodococcus strains (Figure 3B).  373 



12 
 

 374 

Figure 3. A- Temperature-averaged FT-Raman spectra of bacterial biomass for different genera 375 

grown at different temperatures (blue – 5°C, yellow – 15°C and orange – 25°C). B- Position of 376 

the peak related to the C=C stretching vibrations in carotenoids observed for different genera 377 

grown at different temperatures (blue – 5°C, yellow – 15°C and orange – 25°C). Strains related 378 

to Flavobacterium, Brachybacterium and Paeniglutamicibacter genera did not grow at all three 379 

tested temperatures (see Table S1). Agr-Agrococcus, Art-Arthrobacter, Bra-Brachybacterium, 380 

Cry-Cryobacterium, Fla-Flavobacterium, Lei-Leifsonia, Mic-Micrococcus, Pae-381 

Paeniglutamicibacter, Rho-Rhodococcus, Sal-Salinibacterium. Spectra are vertically off-set 382 

for better visualization. 383 

As the next screening step, we estimated relative total content of pigments in the bacterial 384 

biomass to identify the most promising pigment-producing strains. The estimation of relative 385 
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total pigment content was performed by calculating carotenoids/biomass (C/B) ratio from the 386 

FT-Raman data, which previously was proven to be an effective measure (Dzurendová et al., 387 

2021). Among the seventy-four studied bacterial strains, thirty-seven strains from 9 genera of 388 

Actinobacteria phylum (Agrococcus, Arthrobacter, Brachybacterium, Cryobacterium, 389 

Leifsonia, Micrococcus, Paeniglutamicibacter, Rhodococcus, Salinibacterium) and one genus 390 

of Bacteroidetes phylum (Flavobacterium) showed C/B ratio in the range of 0.5 – 10 (Figure 391 

4, Figure S4 in SM). Other bacteria had C/B ratio in the range of 0- 0.5 (Figure 4, Figure S4 in 392 

SM).  393 

 394 

Figure 4. Ratiometric analysis based on FT-Raman spectra of pigmented bacterial biomass 395 

obtained after cultivation at different temperatures (blue – 5°C, yellow – 15°C, and orange – 396 

25°C). The standard deviation was calculated for genera that were represented by two or more 397 

strains. Genera: Agr-Agrococcus, Art-Arthrobacter, Bra-Brachybacterium, Cry-398 

Cryobacterium, Fla-Flavobacterium, Lei-Leifsonia, Mic-Micrococcus, Pae-399 

Paeniglutamicibacter, Rho-Rhodococcus, Sal-Salinibacterium. * - strains selected for future 400 

analysis.  401 

The highest C/B ratio was detected for all strains from genus Cryobacterium, for strain 402 

Arthrobacter sp. BIM B-1549, for all strains from Leifsonia rubra and Rhodococcus 403 

yunnanensis species demonstrated on Figure 4. Low C/B ratio was detected for all strains from 404 

Arthrobacter sp., Leifsonia antarctica and Rhodococcus erythropolis species and for strains 405 

Micrococcus luteus BIM B-1545, and Brachybacterium paraconglomeratum BIM B-1571. No 406 

pigments were detected for strain Arthrobacter oryzae BIM B-1663, Leifsonia kafniensis BIM 407 

B-1633 and Salinibacterium sp. BIM B-1636. Bacteria belonging to Actinobacteria and 408 

Bacteroidetes phyla exhibited extraordinarily high C/B ratio indicating high pigment content 409 

in the biomass, as depicted in Figure S4 in SM. Interestingly, while certain genera exhibited 410 

relatively similar pigment production across all species and strains (e.g., Cryobacterium), other 411 

genera showed species-specific variations, resulting in significant differences in the relative 412 

pigment content within a single genus, as it was observed for Arthrobacter, Leifsonia and 413 

Rhodococcus (Figure 4). 414 
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Analysis of FT-Raman data of bacteria grown at different temperatures showed three main 415 

trends of the temperature influencing pigment content in bacterial biomass: (1) increase of 416 

relative pigment content with temperature increase, as it was observed for all strains from 417 

Flavobacterium, Cryobacterium, Paeniglutamicibacter and Rhodococcus genera and for 418 

majority of Arthrobacter sp. and Leifsonia rubra strains ; (2) increase of relative pigment 419 

content with temperature decrease, as it was detected for Agrococcus citreus BIM B-1547, 420 

Arthrobacter agilis BIM B-1543 , Brachybacterium paraconglomeratum BIM B-1571 and 421 

Micrococcus luteus BIM B-1545 strains; (3) higher relative pigment content at temperature 422 

close to optimal, as it was detected for Arthrobacter cryoconiti BIM B-1627, Arthrobacter sp. 423 

BIM B-1666 and Leifsonia antarctica strains. Overall, it can be noted that relative pigment 424 

content and its alteration triggered by temperature fluctuations were mainly species-specific 425 

and varied considerably (Figure 4).  426 

Based on the screening experiment a set of ten bacterial isolates showing relatively high 427 

pigment content was selected for detail pigment analysis, evaluation of blue light effect on 428 

pigments production and photostability testing. In addition, the selected isolates were chosen 429 

based on variations in pigments spectral profile (Figure 3B) and different responses to 430 

temperature fluctuations (Figure 4). The selected bacterial isolates belong to genera 431 

Flavobacterium, Arthrobacter, Leifsonia, Rhodococcus, Agrococcus, Cryobacterium, and 432 

Paeniglutamicibacter (Figure 4 and 5) and most of them produce yellow pigments, except 433 

Arthrobacter agilis BIM B-1543 and Rhodococcus yunnanensis BIM B-1621 producing red 434 

and orange pigments respectively (Figure 5).  435 

 436 

Figure 5. Petri dish images of the strains selected for further study. 437 

Pigments profile by HPLC-MS 438 

To perform detailed study of pigment profile of the selected set of pigmented Antarctic 439 

bacteria, HPLC-MS analysis was performed, and the results are presented in Table S5. HPLC-440 

MS analysis of the extracted pigments revealed the presence of eighteen different carotenoids 441 
and their precursors in the biomass of the selected bacteria (Table S5). Mixtures of different 442 

carotenoids were found in all studied bacteria, thus from five to seven carotenoids were 443 
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identified in each strain depending on the strain (Table S5). Also, precursors of carotenoids 444 

such as farnesyl diphosphate and geranylgeranyl diphosphate were detected in 5 out of 10 445 

studied bacteria (Table S5). The following pigments were identified by HPLC-MS in the 446 

studied Antarctic bacteria: C40 (Lycopene, beta-carotene, neurosporene, zeta-carotene, 447 

phytoene, echinenone, canthaxanthin, zeaxanthin), C45 (nonaflavuxanthin, 448 

dihydroisopentenyldehydrorhodopin) and C50 carotenoids (flavuxanthin, decaprenoxanthin, 449 

and dihydrobisanhydrobacterioruberin, monoanhydrobacterioruberin and bacterioruberin, 450 

(5Z)-bacterioruberin, (9Z)-bacterioruberin, (13Z)-bacterioruberin: 5Z.9’Z-bacterioruberin 451 

9Z.9’Z-bacterioruberin) which were also major group of carotenoids found in these bacteria 452 

(Figure 6A and Table S5).  453 

Further, HPLC-MS data showed that the studied bacteria have pigments with the following 454 

amounts of conjugated double bonds (CDBs) 3, 7, 9, 11, 12, 13 and 16 (Figure 6B, Table S5). 455 

The peak area (450 nm) representing carotenoids was used for semi-quantitative calculations 456 

based on HPLC-MS data. Thus, phytoene with 3 CDBs was detected only in one strain 457 

Leifsonia rubra BIM B-1567. Carotenoids with 11 CDBs were the most abundant in bacteria 458 

from genera Arthrobacter, Leifsonia and Rhodococcus. Genera Arthrobacter and 459 

Paeniglutamicibacter were characterized by the presence of carotenoids with 12 CDBs 460 

Pigments with 13 and 12 CDBs were detected in Leifsonia antarctica BIM B-1638 in small 461 

quantities (Figure 6B, Table S5). Overall, pigments with 11 CDBs were the most abundant in 462 

the studied bacteria (Figure 6B, Table S5). The unknown pigments were summed and shown 463 

(Figure 6B, Table S5). 464 

 465 
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Figure 6. Summed peak area of extracted carotenoids with different number of conjugated 466 

double bounds (A) and different chain lengths (B). Genera: Agr-Agrococcus, Art-Arthrobacter, 467 

Bra-Brachybacterium, Cry-Cryobacterium, Fla-Flavobacterium, Lei-Leifsonia, Mic-468 

Micrococcus, Pae-Paeniglutamicibacter, Rho-Rhodococcus, Sal-Salinibacterium.  469 

HPLC-MS data mapped a diversity of pigment profiles for the studied bacteria. For example, 470 

Flavobacterium degerlachei BIM B-1562 from Bacteroidetes phylum, showed a distinctive 471 

pigment profile characterized by the presence of C40 ehinenone, canthaxanthin, and zeaxanthin 472 

as the main carotenoids (Table S5). Controversially, bacteial strains from genus Arthrobacter 473 

showed C50 flavuxanthin, decaprenoxanthin, and dihydrobisanhydrobacterioruberin as the 474 

main pigments. The strain Rhodococcus erythropolis BIM B-1661 had C40 carotenoids 475 

canthaxanthin and zeaxanthin, accompanied by C50 carotenoids decaprenoxanthin as major 476 

carotenoids. For the strain Cryobacterium soli BIM B-1659, decaprenoxanthin emerged as a 477 

main carotenoid. Interestingly, carotenoid profiles of bacterial strains from genus Leifsonia 478 

varied significantly. For instance, strain Leifsonia antarctica BIM B-1638 displayed 479 

bisanhydrobacterioruberin as its primary carotenoid, while strain Leifsonia rubra BIM B-1567 480 

exhibited C40 lycopene and phytoene as the main carotenoids. The strain Agrococcus citreus 481 

BIM B-1547 exhibited relatively low levels of carotenoids, with only C45 and C50 variants 482 

being detected. However, for certain bacterial species such as bacteria related to genera 483 

Agrococcus, Paeniglutamicibacter and strains Arthrobacter agilis BIM B-1543 and 484 

Arthrobacter cryoconiti BIM B-1627 numerous carotenoids remained unidentified, 485 

underscoring the complexity of their pigment profiles and the need for further analysis (Table 486 

S5). 487 

Library-dependent analysis of carotenoids by FT-Raman 488 

FT-Raman spectroscopy can be highly specific in identifying pigment-producing 489 

microorganisms and is often used for semi-qualitative screenings. We evaluated the potential 490 

of this technology to perform detailed pigment profiling of the extracted and purified pigments 491 

using reference spectral library of pigment standards. For this, eight commercially available 492 

pigment standards selected based on the HPLC-MS data were measured by FT-Raman to 493 

establish a reference spectral library. This reference library was used to analyse composition 494 

of the bacterial pigment extracts and single pigments purified by TLC and measured by FT-495 

Raman. The recorded spectral data were analysed by PCA, and the results are presented in 496 

Figure 7.  497 
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 498 

Figure 7. A – Score plot of PC1 and PC2 components where different colors represent genera 499 

and standards from the reference spectral library and shapes represent types of the sample: ‘’ 500 

– bacterial pigment extracts, ‘▲’ – pigment standards; -purified pigments. B – Loading plot 501 

of FT-Raman data with the main contributing peaks, PC1 (red) and PC2 (blue). PC1 and PC2 502 

provided 83% and 12% of explained variance, respectively. C – Raman shift between different 503 
samples in the peak between 1600-1500 cm-1 related to C=C stretching vibrations in 504 

carotenoids. 505 
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The PCA results revealed clear correlation between pigment standards and some bacterial 506 

extracts (Figure 7A), where all bacterial extracts and purified pigments were grouped into 507 

several clusters along the first principal component (PC1) axis, which correlated with Raman 508 

shifts of the peak at 1500-1550 cm-1 related to variations in pigment structures (Figure 7B). 509 

These peak shifts are dependent on the pigment's structure and the number of conjugated 510 

double bonds in carotenoids. The first component effectively separates all samples based on 511 

the peak position and shift between 1530 cm-1 and 1506 cm-1 (Figure 7B).  512 

The first well-separated cluster comprises of the extracts and purified pigments from the strains 513 

Paeniglutamibacter antarcticus BIM B-1657, Agrococcus citreus BIM B-1547, Leifsonia 514 

antarctica BIM B-1638, Arthrobacter cryoconiti BIM B-1627, and Arthrobacter sp. BIM B- 515 

1549 (Figure 7A). These extracts are grouped with neurosporene standard (9 c.d.b., no oxygen) 516 

and exhibit similar peak maxima around 1530 cm-1 (Figure 7A, C). Interestingly, the grouping 517 

of the purified pigments from Arthrobacter cryoconiti BIM B-1627 (TLC fraction 3 and 5) 518 

appear slightly dislocated than neurosporene standard along PC1, suggesting the presence of 519 

other pigments with longer chain lengths of conjugated double bonds (Figure S5). The second 520 

cluster is represented by the pigment extracts and purified pigments from Flavobacterium 521 

degerlachei BIM B-1562, Leifsonia sp. BIM B-1567, and Cryobacterium soli BIM B-1659, 522 

which are grouped with zeaxanthin (11 CBDs, oxygen) and show the same peak maxima at 523 

1525 cm-1. Notably, for Flavobacterium degerlachei BIM B-1562, spectra of the pigments 524 

extract and purified pigment (TLC fraction 2) are separated, indicating that the pure pigment 525 

separated by TLC differs from the extract and that the extract likely consists of several 526 

pigments with different structures (Figure S5). For Cryobacterium soli BIM B-1659, it is 527 

obvious that purified pigments (TLC fractions 1 and 2) exhibit closer proximity to the extract, 528 

while fraction 3 appears separate from the rest, suggesting the presence of chemically different 529 

pigments with longer chain lengths of conjugated double bonds. Fraction 3 of Cryobacterium 530 

soli BIM B-1659 is located between cluster of beta-carotene/echinenone, and 531 

canthaxanthin/astaxanthin. Purified pigments from Leifsonia sp. BIM B-1567 are grouped 532 

together, suggesting their structural similarity, and closely grouped with beta-carotene and 533 

echinenone, which could indicate predominance of this type of carotenoid structure. The 534 

extract and TLC fractions from Rhodococcus yunnanensis BIM B-1621 shows presence of 535 

different pigments. Thus, the extract of all pigments is grouped together with one purified 536 

pigment (TLC fraction 3) and have the same peak maxima as zeaxanthin 1525 cm-1, while other 537 

purified pigments (TLC fractions 1 and 2) are grouped distinctly and have the same peak 538 

maxima as lycopene at 1519 cm-1, indicating the presence of pigments with different structures 539 

(Figure S5A, B). The most distinct cluster is represented by the extracts from Arthrobacter 540 

agilis BIM B-1543, spectra of which are grouped together with spectra of bacterioruberin (16 541 

CDBs) (Figure S5A, C). A significant increase in the number of conjugated double bonds leads 542 

to a pronounced shift of bacterioruberin to lower wavenumbers, with maxima at 1506 cm-1 and 543 

1482 cm-1, distinctly separating it from all other pigments (Figure 7A, B). PCA analysis reviled 544 

that bacterial pigment profiles are complex and contain more than one type of carotenoids. 545 

Based on the result of separation of the bacterial extract by TLC it was detected that for bacteria 546 

such as Cryobacterium soli BIM B-1659, Rhodococcus yunnanensis BIM B-1621, and 547 

Arthrobacter cryoconiti BIM B-1627 the extract contains several different pigments with 548 

different structure and different conjugation chain length. For bacteria Leifsonia antarctica 549 

BIM B-1638, Flavobacterium degerlachei BIM B-1562, and Arthrobacter agilis BIM B-1543 550 

pigments separated by TLC are grouped together, which indicates their structural similarity. 551 
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Evaluating biotechnological potential and testing photostability  552 

To determine biotechnological potential of the selected pigment-producing Antarctic bacteria 553 

we evaluated their biomass and pigment production under conditions triggering pigments 554 

production (blue light exposure). The experiment was performed at 15 °C since six out of ten 555 

selected strains exhibited a poor growth at 25 °C (Figure 3). The highest biomass production 556 

was recorded for the strains Paeniglutamicibacter antarcticus BIM B-1657 (~5 g/L), followed 557 

by Arthrobacter strains (from 2 to 3.5 g/L) and Rhodococcus yunnanensis BIM B-1621 (up to 558 

2 g/L) (Figure 8). When comparing biomass production at 15 °C between control samples (no 559 

light exposure) and samples after light exposure, it was observed that exposure to blue light 560 

had a genus and species-specific impact on pigment production. Thus, for Flavobacterium 561 

degerlachei BIM B-1562, Arthrobacter cryoconiti BIM B-1627and Paeniglutamicibacter 562 

antarcticus BIM B-1657 the biomass production was higher after blue light exposure (Figure 563 

8), while for Agrococcus citreus BIM B-1547, Arthrobacter agilis BIM B-1543, Leifsonia 564 

rubra BIM B-1567 and Rhodococcus yunnanensis BIM B-1621 the biomass after exposure 565 

was lower compared to the control samples, and for the rest of bacterial isolates no light effect 566 

was detected (Figure 8). 567 

 568 

Figure 8. Biomass production at 15 °C under the blue light exposure and no light exposure 569 

(control). Genera: Fla-Flavobacterium, Agr-Agrococcus, Art-Arthrobacter, Bra-570 

Brachybacterium, Cry-Cryobacterium, Lei-Leifsonia, Mic-Micrococcus, Pae-571 

Paeniglutamicibacter, Rho-Rhodococcus, Sal-Salinibacterium. 572 

In addition to biomass production, the effect of blue light on pigment production at 15 °C was 573 

evaluated using FT-Raman spectroscopy, specifically by quantifying the C/B ratio of the 574 

biomass spectra (Figure 9). For Flavobacterium degerlachei BIM B-1562, Agrococcus citreus 575 

BIM B-1547, Arthrobacter agilis BIM B-1543, Cryobacterium soli BIM B-1659, Leifsonia 576 

antarctica BIM B-1638, Paeniglutamicibacter antarcticus BIM B-1657 and Rhodococcus 577 

yunnanensis BIM B-1621 the C/B ratio was higher when the strains were exposed to blue light, 578 

indicating that these strains exhibited light-induced production of carotenoids (Figure 9). The 579 
biggest effect of blue light exposure was detected for Cryobacterium soli BIM B-1659, 580 

Agrococcus citreus BIM B-1547 and Flavobacterium degerlachei BIM B-1562 (Figure 9). 581 
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 582 

Figure 9. Relative pigment amount at 15 °C under the blue light exposure and no light exposure 583 

(control) measured by quantifying the C/B ratio of the freeze-dried biomass. Genera: Fla-584 

Flavobacterium, Agr-Agrococcus, Art-Arthrobacter, Bra-Brachybacterium, Cry-585 

Cryobacterium, Lei-Leifsonia, Mic-Micrococcus, Pae-Paeniglutamicibacter, Rho-586 

Rhodococcus, Sal-Salinibacterium 587 

To assess the photostability of selected bacteria, freeze-dried biomass was exposed to light at 588 

an illuminance value of 900 lux for 60 hours, covering a spectral range from 300 to 2500 nm. 589 

To determine the photostability of the pigments, carotenoids/biomass (C/B) ratio was 590 

calculated. The results revealed a pronounced pigments photodegradation effect in the 591 

pigmented bacterial biomass after exposure to light leading to a noticeable decrease in the C/B 592 

ratio (color bars) compared to the control samples without light exposure (white bars) (Figure 593 

10A). Thus, Flavobacterium degerlachei BIM B-1562, Arthrobacter sp. BIM B-1549, 594 

Rhodococcus yunnanensis BIM B-1621 and Leifsonia rubra BIM B-1567, demonstrated a 595 

notably higher rate and speed of photodegradation after light explosion compared to other 596 

bacterial strains, thus the C/B ratio decreases fast especially during first 20 hours of light 597 

exposure (Figure 10A, B). Interestingly, these bacteria have short C40 carotenoids as prevalent. 598 

The lowest degradation rate of the pigments was observed for Arthrobacter agilis BIM B-1543, 599 

Arthrobacter cryoconiti BIM B-1627, and Paeniglutamibacter antarcticus BIM B-1657 which 600 

have C50 carotenoids as predominant. The fluctuations in the control samples were 601 

insignificant during the first 5 hours of exposure and remained stable thereafter. After 60 hours 602 

of light exposure, Arthrobacter agilis BIM B-1543 and Paeniglutamibacter antarcticus BIM 603 

B-1657 exhibited the most promising results in terms of pigment stability. No peak shift or 604 

change in the profile was detected with FT-Raman spectroscopy for the samples exposed by 605 

light (Figure S6). 606 
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 607 

Figure 10. A-Ratiometric analysis and B- Ratiometric analysis normalized by time 0 of FT-608 

Raman spectra of the freeze-dried bacterial biomass exposed to light for 5, 10, 20, 30, 40, 50, 609 

60 hours, Colors represent exposure time, white color represent control samples. Genera: Fla-610 

Flavobacterium, Agr-Agrococcus, Art-Arthrobacter, Bra-Brachybacterium, Cry-611 

Cryobacterium, Lei-Leifsonia, Mic-Micrococcus, Pae-Paeniglutamicibacter, Rho-612 

Rhodococcus, Sal-Salinibacterium. 613 

Discussion 614 

In this study we performed a high-throughput screening and comprehensive characterization 615 

of the relative pigment content and profile for seventy-four Antarctic bacteria isolated from 616 

green snow and temporary meltwater ponds. According to FT-Raman analysis, majority of the 617 

studied bacteria identified as pigmented were able to produce carotenoids. Thirty-seven strains 618 

from nine genera Agrococcus, Arthrobacter, Brachybacterium, Cryobacterium, Leifsonia, 619 

Micrococcus, Paeniglutamicibacter, Rhodococcus, and Salinibacterium and Flavobacterium 620 

displayed relatively high total pigment content, as indicated by FT-Raman data analysis. 621 

Strains from many of these genera have been previously reported as pigment producing (Leiva 622 

et al., 2015;Vila et al., 2019;Sajjad et al., 2020;Silva et al., 2021). Semi-quantitative analysis 623 

based on the calculation of ratio of carotenoids versus proteins (C/P) using FT-Raman spectra 624 

showed that bacteria from genera Arthrobacter, Cryobacterium, Leifsonia and Rhodococcus 625 
have the highest total pigment content. Important to note, while several studies previously 626 
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reported pigment analysis of Antarctic bacteria biomass, many bacterial species characterized 627 

in the study have not been previously analysed for pigment production.  628 

Carotenoids protecting bacterial cells against the harmful effects of solar radiation by 629 

preventing DNA damage, countering reactive oxygen species formation, and modulating 630 

membrane fluidity in cold environments like Antarctica (Styczynski et al., 2020). A strong 631 

influence of temperature and UV radiation on bacterial pigment production was reported 632 

previously (Rehman and Dixit, 2020). We observed that changes of the relative pigment 633 

content (C/B ratio) triggered by temperature are mainly species specific, and it can vary 634 

considerably. Temperature triggered changes in pigment profile, estimated by analyzing 635 

presence of peak shifts, varied between different genera while it was conserved within single 636 

species. This indicates that temperature-triggered metabolic cell responses associated with the 637 

pigment profile changes can be conserved within a single genus. This was not reported 638 

previously, and more research would be needed involving large and balanced set of bacteria. 639 

For most of the strains increase in pigment production with temperature increase was detected 640 

as it was shown for Flavobacterium, Arthrobacter sp., Cryobacterium, Leifsonia rubra, 641 

Paeniglutamicibacter and Rhodococcus and for few strains such as Arthrobacter agilis BIM 642 

B-1543 and Micrococcus luteus BIM B-1545 an opposite effect of decrease in pigment 643 

production at elevated temperature was detected that possibly connected to the regulation of 644 

cellular membrane fluidity at low temperatures (Fong et al., 2001). 645 

The pigment profiles obtained by HPLC-MS for many Antarctic bacteria were consistent with 646 

the published results in the literature. Among all carotenoids identified in the Antarctic bacteria, 647 

six are regarded as industrially significant - astaxanthin, β-carotene, canthaxanthin, lutein, 648 

lycopene, and zeaxanthin (Martínez-Cámara et al., 2021). Thus, a presence of C40 ehinenone, 649 

canthaxanthin, and zeaxanthin, beta-carotene in Flavobacterium degerlachei BIM B-1562 650 

recorded in our study was in accordance with the previously reported for Flavobacterium 651 

frigidarium (Humphry et al., 2001) Flavobacterium sp. (Vila et al., 2019), while production of  652 

flexirubin was not detected in our study (Van Trappen et al., 2004). Flavobacterium has been 653 

mentioned in the literature as a promising producer of zeaxanthin with productivity 500 mg/L 654 

(Ram et al., 2020). For Arthrobacter bacteria, similar profile of C50 carotenoids (flavuxanthin, 655 

decaprenoxanthin, and dihydrobisanhydrobacterioruberin) was reported earlier (ArpinLiaaen-656 

Jensen and Trouilloud, 1972;Vila et al., 2019). Interestingly, bacterioruberin detected in 657 

Arthrobacter agilis BIM B-1543 was previously reported for other Arthrobacter agilis strains 658 

(Fong et al., 2001) was not identified by HPLC-MS but identified by FT-Raman using 659 

reference spectral library. For Cryobacterium soli BIM B-1659 production of lycopene and 660 

decaprenoxanthin were detected similarly as in previous studies (Vila et al., 2019). Our study 661 

for the first-time reports production of C40 canthaxanthin and zeaxanthin and C50 662 

decaprenoxanthin for Rhodococcus erythropolis BIM B-1661. For some bacterial strains, such 663 

as Paeniglutamicibacter antarcticus BIM B-1657, Arthrobacter agilis BIM B-1543 and 664 

Arthrobacter cryoconiti BIM B-1627, several pigments were unidentified by HPLC-MS. This 665 

can be due to that some carotenoids are highly instable (Styczynski et al., 2020).  666 

Evaluation of biomass productivity under the blue light exposure triggering pigment 667 

production showed that Paeniglutamicibacter antarcticus BIM B-1657 and Cryobacterium soli 668 

BIM B-1659 could be promising strains to explore further for the production of lycopene and 669 

dihydrobisanhydrobacterioruberin. Lycopene is a widely used food industry pigment with 670 

growing interest due to its health benefits, including antioxidant, anti-cancer, and 671 

cardioprotective properties (Martínez-Cámara et al., 2021). The biomass production for 672 
pigment producing strains reported in the literature is in a range from 3-12 g/L and the 673 
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carotenoid content ranged from 0.4 mg/g to 7.4 mg/g or from 0.3 mg/L to 500 mg/L (Khodaiyan 674 

et al., 2007;Ram et al., 2020). The primary objective of this study was to conduct a high-675 

throughput screening and characterization of the pigment producing Antarctic bacteria, while 676 

the proper quantification of carotenoids content, aside the rough estimate by C/B ratio, was not 677 

performed. Also, it is important to note that cultivation conditions used in the study are not 678 

optimized for pigments production, and further studies need to be performed for optimizing 679 

cultivation parameters and media composition. While BHI broth medium has been used as a 680 

production medium in some previous studies for canthaxanthin production by Gordonia 681 

jacobea MV-26 (Veiga-Crespo et al., 2005).  682 

In this study, blue light exposure triggered pigment production in all studied pigment producing 683 

strains. This phenomenon had previously been reported for gram-positive Actinobacteria from 684 

genera Arthrobacter, Leifsonia, Paeniglutamicibacter (Sumi et al., 2019), Rhodococcus 685 

(Engelhart-Straub et al., 2022) and Flavobacterium (Liu et al., 2021). It was also shown for P. 686 

aeruginosa NR1 that no light, red, and blue light are optimal conditions for maximizing 687 

extracellular pigment production, whereas yellow and green light are favorable for achieving 688 

the highest biomass and intracellular pigment production (Rehman and Dixit, 2020). To the 689 

authors knowledge, light-inducible pigment production observed for Agrococcus and 690 

Cryobacterium is reported for the first time. 691 

Carotenoids are chemically unstable molecules due to their high degree of unsaturation, 692 

causing oxidation as a primary cause of their degradation. Additionally, external factors like 693 

temperature, light, or pH can trigger significant qualitative transformations in carotenoids 694 

through isomerization reactions (Meléndez-Martínez Vicario and Heredia, 2004). 695 

Photostability is a critical factor in determining the suitability of carotenoids as photosensitizers 696 

for use in solar cells. The conventional method for assessing the photostability of bacterial 697 

pigments involves pigment extraction and measuring absorbance decay at various time 698 

intervals during light exposure (Órdenes-Aenishanslins et al., 2016). In our research, we, for 699 

the first time, used FT-Raman spectroscopy to directly evaluate the photostability of bacterial 700 

pigments in intact freeze-dried biomass, eliminating the need of pigment extraction. The 701 

obtained results showed that bacterial biomass containing mainly C40 carotenoids was less 702 

photostable than biomass with C50 carotenoids. The highest photostability was observed for 703 

Arthrobacter agilis BIM B-1543 producing red pigment bacterioruberin, Arthrobacter 704 

cryoconiti BIM B-1627, and Paeniglutamibacter antarcticus BIM B-1657. The higher 705 

photostability of the red pigments was previously shown (Órdenes-Aenishanslins et al., 2016). 706 

The experimental conditions described in the paper were quite severe, and we anticipated 707 

relatively rapid degradation. The Antarctic bacteria were subjected to elevated light stress, 708 

which is a common occurrence during the Antarctic summer, marked by intense UVB and 709 

UVA radiation. 710 

In this study we demonstrated exceptionally versatile potential of FT-Raman spectroscopy for 711 

pigment analysis of microbial biomass. Fourier-transform Raman spectroscopy (FT-Raman) 712 

has recently emerged as a promising technology for the characterization of bacterial pigments. 713 

FT-Raman spectroscopy offers non-destructive analysis, without extensive sample preparation, 714 

making it valuable for rare or limited samples. Additionally, it can be conducted in a high-715 

throughput manner, allowing for the screening of many isolates. Compared to conventional 716 

(dispersive) Raman measurements, FT-Raman spectroscopy uses high-wavelength near 717 

infrared (NIR) laser excitation, thus diminishing risk of detrimental effects, such as sample 718 

heating, photodegradation and strong fluorescence (Kenđel and Zimmermann, 2020). Even 719 
notwithstanding detrimental effects, FT-Raman spectra are often superior to the corresponding 720 
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spectra obtained by dispersive Raman spectrometers since, in the FT-Raman spectra, 721 

carotenoid bands are not completely obscuring signals of proteins, carbohydrates and other 722 

compounds (Kenđel and Zimmermann, 2020). Notably, FT-Raman spectroscopy has been used 723 

to build databases of Raman spectra for various bacterial pigments, facilitating rapid and 724 

reliable characterization of pigmented microorganisms (Jehlička et al., 2014). Carotenoids 725 

stand out as remarkable pigments in Raman spectroscopic analysis of microbial communities 726 

since resonance Raman effect enables measurement of very low concentration of these 727 

pigments (Jehlička et al., 2014). In this study we showed that FT-Raman allows to (i) perform 728 

large high-throughput library-independent screenings to identify pigment producing 729 

microorganisms, (ii) estimate relative total pigment content, (iii) determine pigment profile 730 

when reference spectral libraries are available, (iv) determine temperature and light effect on 731 

pigments production, (v) determine photostability of the pigments in intact biomass.  732 

Conclusion 733 

This study showed a high relevance of screening and studying polar bacteria for identifying 734 

new potential pigment producers. More than half of the studied Antarctic bacteria were able to 735 

produce pigments and many of them of high industrial importance. Some Antarctic bacteria 736 

such as Leifsonia, Cryobacterium, Flavobacterium and Rhodococcus exhibited the high levels 737 

of pigment content achieved under non-optimized cultivation conditions. In addition, in this 738 

study we demonstrated that FT-Raman spectroscopy is truly powerful analytical tool for both 739 

semi-qualitative screenings and descriptive analysis of pigmented microorganisms. 740 
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Figure S1. Blue LEDs light spectra. 909 
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910 

Figure S2. Sample preparation for TLC coupled with FT-Raman spectroscopy. 911 
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 913 

Figure S3. Principal component analysis (PCA) of the preprocessed FT-Raman spectra of 914 

bacteria grown at different temperatures (‘●’ – 5°C, ‘’ – 15°C and ‘▲’ – 25°C). A, B and C 915 

– score plot of PC1 and PC2 components, colors represent genera: Genera: Fla-916 

Flavobacterium, Agr-Agrococcus, Art-Arthrobacter, Bra-Brachybacterium, Cry-917 

Cryobacterium, Lei-Leifsonia, Mic-Micrococcus, Pae-Paeniglutamicibacter, Rho-918 

Rhodococcus, Sal-Salinibacterium, shapes represent cultivation temperatures. PC1 provided 919 

56% of explained variance and PC2 provided 15% of explained variance at 5°C, PC1 provided 920 

68% of explained variance and PC2 provided 13% of explained variance at 15°C, PC1 provided 921 

76% of explained variance and PC2 provided 9% of explained variance at 25°; C D, E and G 922 

– loading plot of FT-Raman data with the main contributing peaks, PC1 (red) and PC2 (blue). 923 

 924 
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Figure S5. A – Score plot of PC1 and PC2 components where different colors represent genera 

and standards from the reference spectral library and shapes represent types of the sample: ‘’ – 

bacterial pigment extracts, ‘▲’ – pigment standards; -purified pigments, numbers on the plot 

represent fractions (purifed pigments) after TLC of pigment extract. B– Representative spectra of 

the peak between 1600-1500 cm-1 related to C=C stretching vibrations in carotenoids of 2 different 

fractions from pigment extracts from Rhodococcus yunnanensis BIM B-1621 plotted with the 

spectra of two standards zeaxanthin and lycopene. C– Representative spectra of the peak between 

1600-1500 cm-1 related to C=C stretching vibrations in carotenoids of 2 different fractions from 

pigment extracts from Arthrobacter agilis BIM B-1543 plotted with the spectra of one standard 

bacterioruberin 
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Figure S6. Raman shift after 0,5,10,20,30,40,50,60 hours of light explosion in the peak between 

1600-1500 cm-1 related to C=C stretching vibrations in carotenoids. 

Table S1. List of strains and GenBank accession number for the partial sequence of the ribosomal 

RNA gene of bacteria used in the study. GS– bacteria from green snow, MP– bacteria from temporary 



34 

 

meltwater ponds, * - strains selected for detail pigment analysis, evaluation of blue light effect on 

pigments production and photostability testing, gray color – no growth. 

Genus Strain name and collection № Accession 

Number 

Growth T°C 

Proteobacteria 5 15 25 

Polaromonas Polaromonas sp. BIM B-1676 GS MT890199    

Pseudomonas 

Pseudomona extremaustralis BIM B-1672 GS  MT890192    

Pseudomona fluorescens BIM B-1668 GS MT89019    

Pseudomona leptonychotis BIM B-1559MP ON248066    

Pseudomona leptonychotis BIM B-1568MP ON248076    

Pseudomona leptonychotis BIM B-1566MP ON248077    

Pseudomona lundensis BIM B-1554MP ON248061    

Pseudomonas lundensis BIM B-1555MP ON248062    

Pseudomonas lundensis BIM B-1556MP ON248063    

Pseudomonas peli BIM B-1560MP ON248067    

Pseudomonas peli BIM B-1569MP ON248075    

Pseudomonas peli BIM B-1546 MP ON248078    

Pseudomonas peli BIM B-1552MP ON248080    

Pseudomonas peli BIM B-1542MP ON248083    

Pseudomonas peli BIM B-1548MP ON248084    

Pseudomonas sp. BIM B-1635GS MT890174    

Pseudomonas sp. BIM B-1667GS MT890189    

Pseudomonas sp. BIM B-1673GS MT890191    

Pseudomonas sp. BIM B-1674GS MT890193    

Psychrobacter 

Psychrobacter glacinicola BIM B-1629GS MT890168    

Psychrobacter urativorans BIM B-1655 GS MT890181    

Psychrobacter urativorans BIM B-1662GS MT890182    

Shewanella 

Shewanella baltica BIM B-1565MP ON248060    

Shewanella baltica BIM B-1557MP ON248064    

Shewanella baltica BIM B-1561MP ON248069    

Shewanella baltica BIM B-1563MP ON248072    

Acinetobacter Acinetobacter lwoffii BIM B-1558MP ON248065    

Bacteroidetes    

Flavobacterium *Flavobacterium degerlachei BIM B-1562MP ON248071    

Actinobacteria    

Agrococcus *Agrococcus citreus BIM B-1547MP ON248081    

Arthrobacter 

*Arthrobacter agilis BIM B-1543 MP ON248082    

*Arthrobacter cryoconiti BIM B-1627GS MT890166    

Arthrobacter oryzae BIM B-1663GS MT890183    

Arthrobacter sp. BIM B-1624GS MT890163    

Arthrobacter sp. BIM B-1625 GS MT890164    

Arthrobacter sp. BIM B-1626GS MT890165    

Arthrobacter sp. BIM B-1628GS MT890167    

Arthrobacter sp. BIM B-1664GS MT890186    

Arthrobacter sp. BIM B-1666GS MT890188    

Arthrobacter sp. BIM B-1656GS MT890194    

*Arthrobacter sp. BIM B-1549MP ON248073    

Brachybacterium 
Brachybacterium paraconglomeratum BIM B-1571 

MP 

ON248074    

Cryobacterium 

Cryobacterium arcticum BIM B-1619 GS MT890158    

Cryobacterium soli BIM B-1620 GS MT890159    

Cryobacterium soli BIM B-1658GS MT890196    

*Cryobacterium soli BIM B-1659GS MT890197    

Cryobacterium soli BIM B-1677GS MT890198    

Cryobacterium soli BIM B-1675GS MT890200    

Leifsonia 

Leifsonia antarctica BIM B-1631GS MT890170    

Leifsonia antarctica BIM B-1632GS MT890171    

Leifsonia antarctica BIM B-1637 GS MT890176    

*Leifsonia antarctica BIM B-1638 GS MT890177    

Leifsonia antarctica BIM B-1639 GS MT890178    

Leifsonia antarctica BIM B-1669 GS MT890179    
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Leifsonia antarctica BIM B-1671GS MT890184    

Leifsonia kafniensis BIM B-1633GS MT890172    

Leifsonia rubra BIM B-1622 GS MT890161    

Leifsonia rubra BIM B-1623 GS MT890162    

Leifsonia rubra BIM B-1634 GS MT890173    

*Leifsonia sp. BIM B-1567MP ON248088    

Micrococcus Micrococcus luteus BIM B-1545MP ON248079    

Paeniglutamicibacter *Paeniglutamicibacter antarcticus BIM B-1657GS MT890195    

Rhodococcus 

Rhodococcus erythropolis BIM B-1660GS MT890201    

Rhodococcus erythropolis BIM B-1661GS MT890202    

*Rhodococcus yunnanensis BIM B-1621GS MT890160    

Rhodococcus yunnanensis BIM B-1670GS MT890185    

Salinibacterium 

Salinibacterium sp. BIM B-1630 GS MT890169    

Salinibacterium sp. BIM B-1636GS MT890175    

Salinibacterium sp. BIM B-1654GS MT890180    

Salinibacterium sp. BIM B-1665GS MT890187    

Firmicutes    

Facklamia Facklamia tabacinasalis BIM B-1577MP ON248087    

Sporosarcina Sporosarcina sp. BIM B-1539 MP ON248068    

Carnobacterium 

Carnobacterium funditum BIM B-1541MP ON248085    

Carnobacterium iners BIM B-1544MP ON248086    

Carnobacterium inhibens BIM B-1540MP ON248070    

 

Table S2. Parameters for Find by Feature algorithm. 

№ Parameter Value 

Elements and limits  

1 C 5-60 

2 H 0-120 

3 O 0-4 

4 N 0 

5 S 0-4 

6 Cl 0 

7 P 0-4 

Charge carrier 

8 Positive ions  H, Na, K 

9 Negative ions None 

10 Neutral looses  H2O 

 

Table S3. Parameters for Find by Formula algorithm. 

№ Parameter Value 

Match tolerance  

1 Masses +/- 15.00 

2 Retention times  +/- 0.350 

Result filters 

3 Warn if score  <20.00 

4 Do not match if a score  <10.00 

5 Maximum m/z differents, 

ppm 

5.00 

Charge carrier 

6 Positive ions  H, Na, K, NH4, electron 

7 Negative ions None 

8 Neutral losses H2O 

9 Charge state range 2 
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10 Aggregates Dimers 

 

Table S4. Summary of electron spectroscopy for MeOH extracts. 

Sample Absorbance 

maxima, nm 

A450 Biomass 

color 

Extract color Remark 

Flavobacterium 

degerlachei BIM B-

1562 

269, 335, 447, 474 0.538 Yellow  Extensive yellow The sample is practically 

discolored 

Arthrobacter sp. BIM 

B-1549  
262, 335, 447, 467 0.137 Yellow Extensive yellow The sample is discolored 

Agrococcus citreus 

BIM B-1547 
263, 336, 439, 465 0.054 Yellow Slightly yellow The sample is practically 

discolored 

Arthrobacter agilis 

BIM B-1543   

260, 317, 386, 491, 

522 

0.096 Red Extensive red The sample is practically 

discolored 

Leifsonia rubra 

BIM B-1567  

262, 335, 450 0.288 Yellow Extensive yellow The sample is practically 

discolored 

Rhodococcus 

yunnanensis BIM 

B-1621 

261, 336, 450 0.464 Yellow Extensive yellow The sample is practically 

discolored 

Arthrobacter 

cryoconiti BIM B-

1627 

263, 327, 417, 434, 

467 

0.277 Yellow Extensive yellow The sample is practically 

discolored 

Leifsonia antarctica 

BIM B-1638  
262, 412, 438, 468 0.013 Yellow Slightly yellow The sample is discolored 

Paeniglutamicibacter 

antarcticus BIM B-

1657 

261, 412, 439, 467 0.127 Yellow Extensive yellow The sample is discolored 

Cryobacterium soli 

BIM B-1659  
260, 450, 469 0.065 Yellow Extensive yellow The sample is practically 

discolored 
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