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Subglacial Microbial Ecosystems and Biochemical Reservoirs: 

Insights into Metabolic Potential beneath the Glaciers and Ice Sheets 

D19, D2.6 A catalogue of metabolites in subglacial habitats (M37, GFZ) 

DC5- Anirban Majumder, GFZ 

Subglacial environments 

Subglacial environments are unique, dark, extreme habitats, located beneath glaciers and ice 

sheets. These environments are mostly isolated from the external inputs for long periods, and 

in the case of subglacial lakes, they can preserve biosignatures, including those representing 

paleoclimatic conditions (Livingstone et al. 2022; Davis et al. 2023). Subglacial streams, ice, 

and sediments also play crucial roles in regulating glacial-bed basal hydrology, ice melting and 

flow dynamics shown in Figure 1 (Clarke 2005).In addition to their physical importance, 

subglacial systems are also the habitat of largely unexplored microbial communities that drive 

subglacial biogeochemical cycles, influencing subglacial fluxes (Tranter, Skidmore and 

Wadham 2005; Davis et al. 2023). 

Subglacial systems beneath alpine glaciers and polar ice sheets consist of diverse aquatic 

habitats, including subglacial streams, water-saturated sediments, and subglacial lakes. These 

habitats have been identified across polar and glaciated regions worldwide primarily through 

remote sensing and ground-penetrating radar geophysical methods (Livingstone et al. 2022). 

These include Antarctica (Wadham et al. 2012; Christner et al. 2014; Achberger et al. 2016), 

Greenland (Palmer et al. 2013; Dieser et al. 2014), various mountain glaciers in Svalbard or 

the Canadian Arctic (Tranter et al. 1996; Boyd et al. 2010; Rutishauser et al. 2018) or under 

Iceland’s ice caps (Marteinsson et al. 2013; Vannier et al. 2023). 

At the surface of glaciers and ice sheets, microbial primary production is driven by 

photosynthesis, which is promoted by sunlight (Boetius et al. 2015; Kaczmarek et al. 2016; 

Lutz et al. 2016, 2017) and is dominated by mostly aerobic processes, with biomass in the 

melt season being controlled by snow and glacier algal processes (Anesio et al. 2017; Hoham 

and Remias 2020) or cyanobacteria in cryoconite holes (Segawa et al. 2017). In contrast, 

subglacial habitats are aphotic and mostly anoxic and fed by seasonally melting surface water 

delivered through englacial channels of melting at the bedrock–ice interface.  Although we 



know relatively little about subglacial settings due to the difficulty of accessing these 

environments, from the few studies that exist, we know that subglacial environments are 

characterized by extremely low organic carbon contents [DOC ≈ 0.15 mg L−1], resulting in an 

oligotrophic ecosystem for microbial life (Hood et al. 2015; Vick-Majors et al. 2016). This leads 

to chemolithoautotrophic and heterotrophic microbial communities being dominant in these 

low-carbon, dark habitats (Sattley and Madigan 2006; Boyd et al. 2014; Christner et al. 2014; 

Dieser et al. 2014; Achberger et al. 2016). Although organic matter, carbon or other nutrient 

inputs to fuel microbial life in these energy-limited environments are scarce, sometimes such 

inputs can also come from supraglacial meltwater or subglacial marine sediments, preserved 

beneath the ice surfaces (Wadham et al. 2012, 2016). 

 

Figure 1- Schematic representation of the subglacial environment showing subglacial lakes, 
sediment and streams (from Livingstone et al. 2022). 

Subglacial Microbial Ecosystems and Metabolic Potential 

The subglacial environment is characterized by extreme conditions, including the absence of 

sunlight-derived energy, low temperatures, high pressure and limited nutrient availability, all 

of which pose significant challenges to microbial survival. These habitats were for a long time 

considered sterile and inhospitable to life; however, recent evidence revealed that 

metabolically active microbial communities can persist and adapt within these isolated 

ecosystems (Vick-Majors et al. 2016), and that both in subglacial water (Marteinsson et al. 

2013; Christner et al. 2014) and sediments (Achberger et al. 2016; Davis et al. 2023), beneath 



glaciers and ice sheets, respectively, and these microbes contribute to regulating various 

subglacial biogeochemical cycles (Vannier et al. 2023). 

Through many recent studies, the presence of microbial life in subglacial environments has 

now been relatively well documented, but the mechanisms by which these microorganisms 

generate energy to sustain life under extreme subglacial conditions remain poorly 

understood. In the dark and oligotrophic settings typical of such subglacial settings, microbial 

communities thrive by producing energy chemolithotrophically by ‘mining’ elements from 

subsurface minerals through various redox processes (Christner et al. 2006; Boyd et al. 2014; 

Gill-Olivas et al. 2021). For example, they can oxidize or reduce various forms of nitrogen 

(Boyd et al. 2011; Wadham et al. 2016), iron (Achberger et al. 2016), methane (Boyd et al. 

2010; Wadham et al. 2012; Dieser et al. 2014), or sulfur (Purcell et al. 2014) to obtain the 

energy necessary for their survival (Vannier et al. 2023). 

Although no metabolomics data sets related to subglacial microbial processes have been 

reported in the literature. Below are the major biogeochemical metabolisms that are likely to 

regulate microbial processes in the subglacial ecosystem. The data discussed below are 

derived from other omics data sets and not metabolomics data. 

Methane metabolism 

Under anoxic conditions, methane plays an essential role in microbial carbon cycling, serving 

as an energy source for methanotrophs and as an end product for methanogens, as shown in 

Figure 2 (Niu, et al. 2018). For example, in subglacial lakes and sediments beneath the 

Greenland Ice Sheet, methanogenic and methanotrophic communities have been identified, 

such as the archaeal members Methanosarcinales and Methanomicrobiales, and the bacterial 

taxa Methylococcales (Dieser et al. 2014). The detection of functional genes such as methane 

monooxygenase (pmoA) in methanotrophic bacteria further supports the presence of active 

methane cycling within these subglacial ecosystems (Dieser et al. 2014). Similarly, in the 

subglacial sediment of the West Antarctica ice sheet, the bacteria Methylobacter – a 

facultative methylotroph - has been described (Christner et al. 2014; Achberger et al. 2016; 

Michaud et al. 2017). Subglacial methane reservoirs in Antarctica also show insights into the 

presence of methane-metabolizing microorganisms (Wadham et al. 2012). In such subglacial 



environments, metabolically active microbial communities perform methane oxidation, 

chemoautotrophic carbon fixation and methanogenesis, all of which represent widespread 

and significant metabolic processes in these ecosystems (Boyd et al. 2010; Wadham et al. 

2012).  

 

Figure 2- Predicted methane metabolism in subglacial habitat mimicking from marine 
subsurface (from Niu et al. 2018). 

 

Sulfur metabolism 

Another abundant element that microbes can utilize as electron donors or acceptors, and that 

is often present in minerals underlying glaciers and ice sheets, is sulfur (Gill-Olivas et al. 2021). 

Sulfur is present in sulfate and sulfide minerals (i.e., CaSO4 *2 H2O, or FeS2), typical of 

sedimentary, volcanic or metamorphic rock formations. For example, sulfides in the form of 

the mineral pyrite (FeS2) can be used by sulfide- and iron-oxidising bacteria that are often 

present as key organisms of subglacial microbial communities. From amplicon sequencing 

data sets, we know that, for example, in Antarctic subglacial sediments, microorganisms 

including Thiobacillus, Sulfurifustis, Sideroxydans, and Gallionella are present (Purcell et al. 

2014). These bacteria play crucial roles in sulfur (Figures 3 and 4) and iron biogeochemical 



cycling by oxidising these compounds and producing energy in these oligotrophic 

environments (Achberger et al. 2016; Davis et al. 2023). 

In subglacial lakes of Iceland, analysis of 16S rRNA genes, other bacterial genera, such as 

Sulfuricurvum and Sulfurospirillum, have also been detected. Genes involved in sulfate and 

sulfite reduction, for example, were identified in Desulfosporosinus, whereas genes 

responsible for sulfate oxidation were detected in Sulfuricurvum (Marteinsson et al. 2013; 

Vannier et al. 2023). The presence of these microorganisms and their functional genes 

provides valuable insights into sulfur cycling (Figures 3 and 4), showing both oxidation and 

reduction processes and highlighting the complex chemolithotrophic metabolic networks that 

sustain microbial life within subglacial environments (Boyd et al. 2014).  

 

Figure 3- Schematic of possible chemolithoautotrophic sulfur metabolic pathway in a 
subglacial lake in Iceland (from Marteinsson et al. 2013). 



 

Figure 4- Proposed model of recycling of organic and inorganic sulfur compounds and their 
interaction/remobilization in the biogeochemical sulfur metabolism in subglacial ecosystems 
(from Patsis et al. 2025). 

 

Nitrogen metabolism 

In these oligotrophic environments, besides methane and sulfur cycling, other 

chemolithoautotrophic bacterial and archaeal communities that are involved in nitrogen 

cycling have also been characterized in Antarctic subglacial lake sediments (Boyd et al. 2011). 

Among bacterial genera, Candidatus Nitrotoga and Nitrospira were identified as the dominant 

nitrite-oxidizers, playing a key role in the conversion of nitrite to nitrate. Among archaea, 

Candidatus Nitrosopumilus and Candidatus Nitrosoarchaeum were reported to perform the 

first step of nitrification, oxidizing ammonia to nitrite. Similarly, ammonia oxidation to nitrite 

and nitrate was also found to be performed by bacterial members such as Nitrosomonas and 

Nitrosospira (Christner et al. 2014; Davis et al. 2023). These studies all show that subglacial 



microbial communities can mediate processes such as nitrification, denitrification, 

ammonification and nitrogen fixation, thus highlighting the importance of nitrogen 

metabolism in sustaining life beneath the ice (Boyd et al. 2011).  

Furthermore, metagenomic analyses also revealed the presence of genes associated with 

diverse nitrogen metabolic pathways. For example, in Icelandic subglacial lakes, genes 

involved in nitrate and nitrite reduction were linked in bacterial genera such as Geobacter and 

Pedobacter, suggesting active nitrogen cycling in these environments (Vannier et al. 2023). 

This same study also identified nitrogen fixation genes that convert nitrogen to ammonia 

linked to bacterial genera, including Acetobacterium (Vannier et al. 2023). Together, these 

microbial taxa illustrate the functional diversity and metabolic adaptability of subglacial 

ecosystems in maintaining active nitrogen turnover under cold, low-nutrient, and oxygen-

limited conditions. 

 

Figure 5- Theoretical pathways showing nitrogen species exchange between oxic supraglacial 
and anoxic subglacial systems. This might be possible, driven by meltwater transport and 
microbial transformations (taken from Farouk et al. 2012, a study about marine processes, 
but the similar principles apply). 



Subglacial Metabolomics Challenges and Future Perspective 

Importance of studying subglacial metabolomics 

Metabolomics serves as a powerful approach for elucidating the real-time biochemical 

activity of microbial life. Although so far not applied to the study of subglacial processes 

directly, metabolomics approaches can enable the identification of active metabolic pathways 

and provide insights into the physiological adaptations and survival strategies employed by 

microorganisms in these extreme environments. Through analyses of the metabolomes, 

specific metabolites can be detected and their importance, for example, in identifying stress 

response compounds (Atasoy et al. 2024; Doting et al. 2024), cryoprotectants (Cleland et al. 

2004), or antioxidants (Carballo-Cárdenas et al. 2003; Doting et al. 2024; Arslan et al. 2025), 

can be elucidated. From the studies mentioned above, which are either laboratory stress 

induced in cultures (Atasoy et al. 2024) or light-induced stress in supraglacial habitat (Doting 

et al. 2024). We know that these metabolites play crucial roles in protecting cellular 

structures, and these may also facilitate chemolithoautotrophic processes under freezing 

subglacial conditions. Although not yet available, it is well known that metabolomics provides 

a critical link between the other available omics datasets. For example, while genomics, 

transcriptomics and proteomics can provide insights into the metabolic and functional 

potential of subglacial microbial communities, metabolomics bridges microbial gene 

expression with actual metabolic fluxes and end products from microbial physiological 

responses to their environment. This approach can reveal temporal and spatial dynamics of 

microbial activity, capturing changes driven by seasonal variations, environmental chemistry, 

or mineral composition within subglacial ecosystems. Thus, metabolomics provides a unique 

window into subglacial microbial biogeochemical cycling and energy flow, processes that 

cannot be fully predicted by other omics techniques alone. However, as already mentioned 

as yet there are no metabolomics data sets reported in the literature about microbial 

processes in subglacial environments. Below are outlined some challenges that have hindered 

subglacial research work so far in sample collection and processing. 

 

 



Challenges in sampling for subglacial metabolomics 

The primary challenge in studying subglacial metabolomics is access to samples from 

subglacial environments that are collected with the specific aim of studying metabolomic 

processes. This is linked most often to the extremely low microbial biomass, which increases 

the risk of contamination during sampling and often leads to samples being preferentially 

used for DNA sequencing. Although not targeting metabolite analyses, to minimize the risk of 

contamination, previous research on subglacial ice cores, for example, reported the use of 

chemically and microbiologically clean drilling methods with filtration, UV-treated and 

pasteurized hot water (Priscu et al. 2013; Achberger et al. 2016; Michaud et al. 2020; 

Makinson et al. 2021). Another significant difficulty lies in sample handling and sample 

processing.  In a recent supraglacial study, it was documented that the conditions under 

which, for example, ice samples are thawed will compromise metabolite stability and alter 

the native biochemical profiles of the microorganisms (Peter et al. 2024). If subglacial samples 

were to be obtained, another challenge that has to be overcome is the preservation of the 

samples. For such extreme settings and low biomass, there are currently no standardized 

protocols to process such unique subglacial samples. Finally, the absence of bioinformatics 

tools and specialized databases to detect low-abundance metabolites and unknown 

compounds hinders the comprehensive characterization and understanding of the complex 

metabolite profiles and compositions in the subglacial samples. These challenges make the 

study of subglacial metabolomes difficult, but with the development of new approaches in 

the future, this will also be possible. 

Conclusion and Outlook 

Metabolomic processes are so far unexplored in subglacial research. They represent a major 

frontier for understanding microbial activity and biochemical processes beneath the glaciers 

and ice sheets. Ideally, in a future world, we will be able to integrate metabolomic data with 

other omics datasets, metabolic flux measurements, and isotope labelling experiments. Such 

a multi-tiered approach would provide deeper insights into subglacial microbial and 

biogeochemical processes and enable more accurate predictions of active metabolic 

pathways in these unique environments. The lack of data opens diverse research 



opportunities, not only for characterizing novel metabolites and their ecological roles but also 

for improving our understanding of subglacial ecosystem function, biogeochemical cycling 

and energy flow. Future research should prioritize method development, stringent 

contamination control, and comparative metabolomics across cryospheric systems, including 

the establishment of a dedicated cryosphere-specific metabolite database to promote future 

investigations. 

References 

Achberger AM, Christner BC, Michaud AB et al. Microbial Community Structure of Subglacial 

Lake Whillans, West Antarctica. Front Microbiol 2016;7. 

Anesio AM, Lutz S, Chrismas NAM et al. The microbiome of glaciers and ice sheets. npj 

Biofilms Microbiomes 2017;3:10. 

Arslan NP, Azad F, Orak T et al. A review on bacteria-derived antioxidant metabolites: their 

production, purification, characterization, potential applications, and limitations. Arch 

Pharm Res 2025;48:253–92. 

Atasoy M, Bartkova S, Çetecioğlu-Gürol Z et al. Methods for studying microbial acid stress 

responses: from molecules to populations. FEMS Microbiology Reviews 2024;48:fuae015. 

Boetius A, Anesio AM, Deming JW et al. Microbial ecology of the cryosphere: sea ice and 

glacial habitats. Nat Rev Microbiol 2015;13:677–90. 

Boyd ES, Hamilton TL, Havig JR et al. Chemolithotrophic Primary Production in a Subglacial 

Ecosystem. Kostka JE (ed.). Appl Environ Microbiol 2014;80:6146–53. 

Boyd ES, Lange RK, Mitchell AC et al. Diversity, Abundance, and Potential Activity of 

Nitrifying and Nitrate-Reducing Microbial Assemblages in a Subglacial Ecosystem. Appl 

Environ Microbiol 2011;77:4778–87. 

Boyd ES, Skidmore M, Mitchell AC et al. Methanogenesis in subglacial sediments. Environ 

Microbiol Rep 2010;2:685–92. 

Carballo-Cárdenas EC, Tuan PM, Janssen M et al. Vitamin E (α-tocopherol) production by the 

marine microalgae Dunaliella tertiolecta and Tetraselmis suecica in batch cultivation. 

Biomolecular Engineering 2003;20:139–47. 

Christner BC, Priscu JC, Achberger AM et al. A microbial ecosystem beneath the West 

Antarctic ice sheet. Nature 2014;512:310–3. 

Christner BC, Royston-Bishop G, Foreman CM et al. Limnological conditions in Subglacial 

Lake Vostok, Antarctica. Limnology & Oceanography 2006;51:2485–501. 

Clarke GKC. SUBGLACIAL PROCESSES. Annu Rev Earth Planet Sci 2005;33:247–76. 



Cleland D, Krader P, McCree C et al. Glycine betaine as a cryoprotectant for prokaryotes. 

Journal of Microbiological Methods 2004;58:31–8. 

Davis CL, Venturelli RA, Michaud AB et al. Biogeochemical and historical drivers of microbial 

community composition and structure in sediments from Mercer Subglacial Lake, West 

Antarctica. ISME Communications 2023;3:8. 

Dieser M, Broemsen ELJE, Cameron KA et al. Molecular and biogeochemical evidence for 

methane cycling beneath the western margin of the Greenland Ice Sheet. The ISME Journal 

2014;8:2305–16. 

Doting EL, Jensen MB, Peter EK et al. The exometabolome of microbial communities 

inhabiting bare ice surfaces on the southern GREENLAND ICE SHEET. Environmental 

Microbiology 2024;26:e16574. 

Farouk I. Exploring the Biodiversity of Anammox in Atlantis II and Kebrit Brine Pools’ 

Interfaces. 2012. 

Gill-Olivas B, Telling J, Tranter M et al. Subglacial erosion has the potential to sustain 

microbial processes in Subglacial Lake Whillans, Antarctica. Commun Earth Environ 

2021;2:134. 

Hoham RW, Remias D. Snow and Glacial Algae: A Review 1. Journal of Phycology 

2020;56:264–82. 

Hood E, Battin TJ, Fellman J et al. Storage and release of organic carbon from glaciers and 

ice sheets. Nature Geosci 2015;8:91–6. 

Kaczmarek Ł, Jakubowska N, Celewicz-Gołdyn S et al. The microorganisms of cryoconite 

holes (algae, Archaea, bacteria, cyanobacteria, fungi, and Protista): a review. Polar Record 

2016;52:176–203. 

Livingstone SJ, Li Y, Rutishauser A et al. Subglacial lakes and their changing role in a warming 

climate. Nat Rev Earth Environ 2022;3:106–24. 

Lutz S, Anesio AM, Edwards A et al. Linking microbial diversity and functionality of arctic 

glacial surface habitats. Environmental Microbiology 2017;19:551–65. 

Lutz S, Anesio AM, Raiswell R et al. The biogeography of red snow microbiomes and their 

role in melting arctic glaciers. Nat Commun 2016;7:11968. 

Makinson K, Anker PGD, Garcés J et al. Development of a clean hot water drill to access 

Subglacial Lake CECs, West Antarctica. Ann Glaciol 2021;62:250–62. 

Marteinsson VT, Rúnarsson Á, Stefánsson A et al. Microbial communities in the subglacial 

waters of the Vatnajökull ice cap, Iceland. The ISME Journal 2013;7:427–37. 

Michaud AB, Dore JE, Achberger AM et al. Microbial oxidation as a methane sink beneath 

the West Antarctic Ice Sheet. Nature Geosci 2017;10:582–6. 



Michaud AB, Vick-Majors TJ, Achberger AM et al. Environmentally clean access to Antarctic 

subglacial aquatic environments. Antarctic Science 2020;32:329–40. 

Niu M, Liang W, Wang F. Methane biotransformation in the ocean and its effects on climate 

change: A review. Sci China Earth Sci 2018;61:1697–713. 

Palmer SJ, Dowdeswell JA, Christoffersen P et al. Greenland subglacial lakes detected by 

radar. Geophysical Research Letters 2013;40:6154–9. 

Patsis AC, Schuler CJ, Toner BM et al. The potential for coupled organic and inorganic sulfur 

cycles across the terrestrial deep subsurface biosphere. Nat Commun 2025;16:3827. 

Peter EK, Jaeger C, Lisec J et al. Endometabolic profiling of pigmented glacier ice algae: the 

impact of sample processing. Metabolomics 2024;20:98. 

Priscu JC, Achberger AM, Cahoon JE et al. A microbiologically clean strategy for access to the 

Whillans Ice Stream subglacial environment. Antarctic Science 2013;25:637–47. 

Purcell AM, Mikucki JA, Achberger AM et al. Microbial sulfur transformations in sediments 

from Subglacial Lake Whillans. Front Microbiol 2014;5. 

Rutishauser A, Blankenship DD, Sharp M et al. Discovery of a hypersaline subglacial lake 

complex beneath Devon Ice Cap, Canadian Arctic. Sci Adv 2018;4:eaar4353. 

Sattley WM, Madigan MT. Isolation, Characterization, and Ecology of Cold-Active, 

Chemolithotrophic, Sulfur-Oxidizing Bacteria from Perennially Ice-Covered Lake Fryxell, 

Antarctica. Appl Environ Microbiol 2006;72:5562–8. 

Segawa T, Yonezawa T, Edwards A et al. Biogeography of cryoconite forming cyanobacteria 

on polar and Asian glaciers. Journal of Biogeography 2017;44:2849–61. 

Tranter M, Brown GH, Hodson AJ et al. HYDROCHEMISTRY AS AN INDICATOR OF 

SUBGLACIAL DRAINAGE SYSTEM STRUCTURE: A COMPARISON OF ALPINE AND SUB-POLAR 

ENVIRONMENTS. Hydrol Process 1996;10:541–56. 

Tranter M, Skidmore M, Wadham J. Hydrological controls on microbial communities in 

subglacial environments. Hydrol Process 2005;19:995–8. 

Vannier P, Farrant GK, Klonowski A et al. Metagenomic analyses of a microbial assemblage 

in a subglacial lake beneath the Vatnajökull ice cap, Iceland. Front Microbiol 

2023;14:1122184. 

Vick-Majors TJ, Mitchell AC, Achberger AM et al. Physiological Ecology of Microorganisms in 

Subglacial Lake Whillans. Front Microbiol 2016;7. 

Wadham JL, Arndt S, Tulaczyk S et al. Potential methane reservoirs beneath Antarctica. 

Nature 2012;488:633–7. 

Wadham JL, Hawkings J, Telling J et al. Sources, cycling and export of nitrogen on the 

Greenland Ice Sheet. Biogeosciences 2016;13:6339–52. 

 



Declaration 

The author has used ChatGPT (OpenAI) and Grammarly to assist with a review structure, 

language editing, grammar improvement, synonyms and making the sentences concise and 

scientific. All the content in this article was reviewed by the author with no plagiarism. 


