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Abstract
Glaciers host ecosystems comprised of biodiverse and active microbiota.
Among glacial ecosystems, less is known about the ecology of ice caps
since most studies focus on valley glaciers or ice sheet margins. Previously
we detailed the microbiota of one such high Arctic ice cap, focusing on cryo-
conite as a microbe-mineral aggregate formed by cyanobacteria. Here, we
employ metabolomics at the scale of an entire ice cap to reveal the major
metabolic pathways prevailing in the cryoconite of Foxfonna, central Sval-
bard. We reveal how geophysical and biotic processes influence the meta-
bolomes of its resident cryoconite microbiota. We observed differences in
amino acid, fatty acid, and nucleotide synthesis across the cap reflecting
the influence of ice topography and the cyanobacteria within cryoconite. Ice
topography influences central carbohydrate metabolism and nitrogen assim-
ilation, whereas bacterial community structure governs lipid, nucleotide, and
carotenoid biosynthesis processes. The prominence of polyamine metabo-
lism and nitrogen assimilation highlights the importance of recycling nitroge-
nous nutrients. To our knowledge, this study represents the first application
of metabolomics across an entire ice mass, demonstrating its utility as a tool
for revealing the fundamental metabolic processes essential for sustaining
life in supraglacial ecosystems experiencing profound change due to Arctic
climate change-driven mass loss.

INTRODUCTION

Glaciers host diverse and abundant forms of microbial
life (Anesio & Laybourn-Parry, 2012; Hodson
et al., 2008). Prevailing extreme weather conditions
and nutrient limitations typical for glaciers (Ren

et al., 2019) influence the resource pool available to
microbes for growth and metabolism (Cook, Edwards,
Takeuchi, & Irvine-Fynn, 2016; Hodson, Boggild,
et al., 2010). On glacial ice surfaces cryoconite holes
are acknowledged as ‘hotspots’ of microbial diversity
(Edwards, Mur, Girdwood, Anesio, Stibal, Rassner,

Received: 24 February 2023 Accepted: 6 August 2023

DOI: 10.1111/1462-2920.16485

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2023 The Authors. Environmental Microbiology published by Applied Microbiology International and John Wiley & Sons Ltd.

Environ Microbiol. 2023;25:2549–2563. wileyonlinelibrary.com/journal/emi 2549

https://orcid.org/0000-0003-1762-8593
mailto:jarishma.gokul@up.ac.za
mailto:aye@aber.ac.uk
mailto:aye@aber.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/emi
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1462-2920.16485&domain=pdf&date_stamp=2023-08-24


et al., 2014) and biogeochemical cycling on glacial sur-
faces (Sawstrom et al., 2002; Tranter et al., 2004).
Cryoconite holes form as a result of melting induced by
their albedo-reducing dark sediment (Langford
et al., 2010). This sediment, or cryoconite, is charac-
terised as a microbe-mineral aggregate (Cook,
Edwards, Takeuchi, & Irvine-Fynn, 2016; Langford
et al., 2010; Takeuchi, Kohshima, Goto-Azuma, &
Koerner, 2001; Takeuchi, Kohshima, & Seko, 2001)
sourced from aeolian processes, supraglacial entrain-
ment (Takeuchi, 2002) and algae, cyanobacteria and
bacteria that promote granule formation and aggrega-
tion (Hodson, Cameron, et al., 2010; Langford
et al., 2010).

Determining a relationship between glacial microbial
communities, their metabolism and interaction with
neighbouring ecosystems requires understanding of
the link between the physical constraints and biogeo-
chemistry across scales within the landscape, which
can be facilitated through multi-omics approaches
(Edwards et al., 2020). Dome-shaped ice caps repre-
sent glacial ice masses unconstrained by their underly-
ing topography, arbitrarily distinguished from
continental-scale ice sheets by surface areas
<50,000 km2. They represent unique systems for the
study of supraglacial microbial community develop-
ment, for supraglacial biomass is deposited across all
aspects of an ice mass flowing radially from its centre,
rather than along the single axis of a valley glacier.
Where plateau ice caps reside at high elevations,
periods of active melt which support ample biological
growth (Anesio & Laybourn-Parry, 2012) are both brief
and variable in extent from 1 year to the next. This
places profound constraints on the development of
functional, active microbiomes across their surfaces.
As a result of their smaller size, ice caps could also rep-
resent accessible analogues of ice sheets that may be
studied in their entirety. We previously showed that
localised physical and geographic constraints play a
significant role on the composition of bacterial commu-
nities within cryoconite on a dome-shaped ice cap
(Gokul et al., 2016). The environment itself is domi-
nated by a core bacterial community whose predomi-
nant members are cyanobacteria, alongside a stable
core community of heterotrophic generalist taxa of
mostly actinobacteria (Gokul et al., 2016). Conse-
quently, dome-shaped ice caps at high elevations in
the high Arctic represent attractive model systems for
the study of ab initio cryoconite community develop-
ment and functionality across scales when compared
with the expansive scope of the few studies to conduct
ice sheet scale sampling (Cameron et al., 2015).

In this study, we apply non-targeted metabolomics to
investigate the metabolic potential apparent on ice cap
surfaces. In doing so, we sought to identify metabolic
processes present, as well the drivers of metabolic func-
tion in cryoconite communities across a high Arctic ice

cap. Within cryoconite, primary production and respira-
tion are closely coupled (Anesio et al., 2009), underpin-
ning close links between community structure and
function as revealed by amplicon sequencing and meta-
bolome profiling (Edwards, Mur, Girdwood, Anesio, Sti-
bal, Rassner, Hell, et al., 2014). Within analogous
habitats such as microbial mats, metabolic adaptations
to carbon and nutrient limitations are evident, for exam-
ple through scavenging and recycling pathways (Varin
et al., 2010). Other adaptations to cold environments
can include changes in fatty acid metabolism, for exam-
ple through variations in lipid membrane composition
(Edwards et al., 2020). Therefore, by observing the
metabolome it may be possible to determine organism
and community responses to varying biotic and abiotic
states with a high degree of functional information
(Bundy et al., 2009; Lankadurai et al., 2013).

EXPERIMENTAL PROCEDURES

Study site and sampling

Foxfonna (Figure 1) is an ice cap in central Svalbard,
located at 78�080 N, 16�070 E with an area of ca. 4 km2

and ice cover distributed between 725 m in the South
and 810 m in the North (Gokul et al., 2016). The
upward migration of ELAs in Svalbard by �100 m over
the last 50 years (Noël et al., 2020), coupled with Fox-
fonna’s exposed convex topographic setting facilitating
aeolian wind erosion of seasonal snow, has resulted in
much of the ice cap lying in the percolation or superim-
posed ice zones (Müller, 1962), minimising any appre-
ciable accumulation. Samples of cryoconite were
collected on the 23 August 2011, in conditions where
the late season presented the maximum exposure of
glacier bare ice and its resident cryoconite debris. Sam-
ples were collected from 38 cryoconite sites distributed
across four sectors arranged by aspect (G1–G4).
Debris was aspirated aseptically into 15 mL tubes,
stored on ice in the dark for immediate transport to
�80�C storage and then �80�C transfer to the
United Kingdom. The details of environmental parame-
ter determination and digital elevation mapping are pro-
vided elsewhere (Gokul et al., 2016).

Metabolite extraction

Metabolites were extracted from the cryoconite of all
38 sites on Foxfonna. One hundred milligrams of
freeze-dried cryoconite were processed by bead beat-
ing in 1:2.5:1 chloroform:methanol:water (HPLC-grade,
Fisher, Loughborough, UK) as described previously
(Cook, Edwards, Bulling, et al., 2016). Extracts were
centrifuged and 50 μL of the solvent resuspended in
vials of 200 μL 70% methanol: water, before analysis

2550 GOKUL ET AL.
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on an LTQ linear ion trap (Thermo Electron Corpora-
tion). Data were acquired over the 100–1400 m/z range
and processed in MATLAB (The MathWorks Inc.) for
binning by unit mass and normalisation to percentage
total ion count.

Chemometric data analysis

Metabolite data was imported into PyChem (Jarvis
et al., 2006) and observed using principal coordinates
analysis (PCA; Edwards, Mur, Girdwood, Anesio,

F I GURE 1 Map of Foxfonna ice cap contour map showing the sampling points from sectors G1, G2, G3, and G4 across the ice cap surface.
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Stibal, Rassner, Hell, et al., 2014) and PLSR. Models
were cross-validated using full cross validation
whereby data was split into a training set, a cross-
validation set, and an independent test set. Metabolites
of interest were extracted from the original dataset and
further analysed in PRIMER 6/PERMANOVA
+ (PRIMER E) for multivariate statistical analysis and
Metaboanalyst 3.0 (Zhu et al., 2015) for hierarchical
cluster analysis. Metabolomes were examined against
cartesian coordinates (Easting and Northing), dome
geography, hydrology and cryoconite holes structure
and chlorophyll a content to investigate environmental
influence on the metabolome. Analysis of the taxa-
metabolome relationship was also established by
PLSR using OTU data from publicly available data
(Gokul et al., 2016). Raw metabolite data are provided
at: DOI: 10.5281/zenodo.7669756.

RESULTS

Total metabolite extracts from 38 cryoconite samples,
collected from the four sectors (G1, G2, G3, and G4)
defined by aspect on Foxfonna (Figure 1), were sub-
jected to non-targeted metabolite profiling using flow-
injection electrospray-injection high-resolution mass
spectrometry. The combined dataset generated 1398
discrete peaks. A remarkable, spatially-constrained
ordination of the total metabolome was revealed via
unsupervised chemometric analysis in the form of prin-
cipal components analysis (PCA), discretely grouping
sectors G1, G2, G3, and G4 on Foxfonna ice cap
(Figure 2). Aspect affected the microbial metabolome
most strongly, as significant sector effects were yielded

from multivariate analysis using permutational
multivariate analysis of variance (PERMANOVA)
(pseudo-F = 4.5046, p = 0.001), supporting geo-
graphic influence on the metabolome through the influ-
ence of aspect. The presence of a sector-based effect
in metabolite profile is further supported by analysis of
similarity (ANOSIM, R = 0.502, p = 0.001).

Variation in metabolite pathways across
the ice cap

We sought to identify pathways associated with
changes between sectors of the ice cap. Metabolites
were tentatively identified by considering the multiple
forms of ionization (including isotopes) for the metabo-
lite as indicated on the DIMEdb database https://
dimedb.ibers.aber.ac.uk/ (Accessed August 2016).
Tentative identities were assigned for 70 metabolites.
ANOVA post-hoc filtering of the metabolites (Bonferroni
corrected for multiple comparisons) suggested the most
prominent major sources of variation (Table 1). This
indicated changes in the community cluster by sector
and particularly between G1, and G2 with G3 and G4
(Figure 3A). These suggested changes in metabolites
linked to were driven by major metabolites in nucleic
acid biosynthesis (Figure 3B), for example, dihydrooro-
tate, 50-methylthioedenosine, the tricarboxylic acid
(TCA) cycle (Figure 3C), for example, 2-oxobutanoate,
nitrogen assimilation, polyamine (homoglutamine,
N-acetylglutamic acid, GABA; Figure 3D), pentose
phosphate pathway/photosynthesis (erythrose-4-phos-
phate) and lipid biosynthesis (Figure 3E) and photosyn-
thesis (Figure 3F) Sn-glycerol-3-phosphate, stearic
acid [C18:0]. To explore the importance of these path-
ways, their constituent metabolites were identified and
extracted from the data matrix. Their variation between
different sectors was examined by hierarchical cluster
analysis (HCA).

Exploring spatial variation in biochemical
pathways

Examining nucleotide-associated metabolites by HCA
with associated heat map to show the relative levels
suggested a western (G1, G2)/eastern (G3, G4) split
(Figure 3B). However, the within-sector variation was
considerable, as also indicated by PCA analysis
explaining only 27.8% of the metabolite variation in
PCs 1 and 2 (Figure 4E) so specific differences were
difficult to define. However, sector G3 generally had
lower levels of adenine monophosphate (AMP), gua-
nine monophosphate (GMP), phosphoribosyl pyrophos-
phate (PRPP), thymidine and 305-cyclic deoxyAMP
(dAMP), while adenosine and inosine were higher in
sector G4. Lower levels of allantoin, urate,

F I GURE 2 PCA ordination of sites G1 (red), G2 (green), G3
(dark blue) and G4 (turquoise) showing a distinct level of disparity
between each sector, correlating with geographical distribution.

2552 GOKUL ET AL.
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TAB LE 1 Major sources of variation as defined by post hoc ANOVA filtering, including tentative metabolite identification.

Metabolite F value p-value False discovery rate

2-oxobutanoate 78.421 1.32E-15 9.22E-14

Ferulic acid 41.021 1.49E-11 5.22E-10

Homoglutamine 23.211 1.89E-08 4.42E-07

Gluconic acid 19.898 1.06E-07 1.85E-06

Syringic acid 18.379 2.48E-07 3.47E-06

Dihydroorotate 16.847 6.10E-07 7.11E-06

GABA 15.715 1.22E-06 1.22E-05

Erythrose-4-phosphate 13.738 4.41E-06 3.86E-05

Glucosaminic acid 12.652 9.32E-06 7.25E-05

3-4-dihydroxy-L-phenylalanine 11.485 2.16E-05 0.000151

Maltose 11.017 3.05E-05 0.000194

R-S-lactoylglutathione 10.87 3.41E-05 0.000199

Riboflavin 10.647 4.04E-05 0.000218

Jasmonic acid 10.259 5.44E-05 0.000272

Tyrosine 9.9445 6.96E-05 0.000312

20,30-cyclic GMP 9.9115 7.14E-05 0.000312

Adenosine 9.3311 0.00011338 0.000467

Stearic acid 8.8992 0.00016121 0.000627

Urate 8.2515 0.00027684 0.00102

Pelargonidin 8.0696 0.00032316 0.001131

N-acetyl-L-glutamate-5-phosphate 7.8712 0.00038318 0.001277

Naringenin 7.7082 0.00044125 0.001404

50-methylthioadenosine 7.5222 0.00051901 0.00158

O-acetyl-L-homoserine 6.4453 0.0013671 0.003988

Flavin mononucleotide 6.1148 0.0018593 0.005204

30,50-cyclic dAMP 6.0735 0.0019328 0.005204

Docosahexaenoic acid 6.0066 0.0020586 0.005337

Fucoxanthin 5.9402 0.0021916 0.005479

Ribulose-5-phosphate 5.8159 0.0024661 0.005953

Linolenic acid 5.4239 0.0035943 0.008387

Catechin 5.2454 0.0042773 0.009658

Coniferyl aldehyde 5.0501 0.0051831 0.011338

Sn-glycerol-3-phosphate 4.9979 0.0054578 0.011577

Oxalacetate 4.8692 0.0062024 0.01277

Proline 4.7431 0.0070366 0.014073

Neoxanthin 4.709 0.0072812 0.014158

Myricetin 4.662 0.0076339 0.014371

Inosine 4.6216 0.0079516 0.014371

Cystathionine 4.6147 0.0080067 0.014371

Xanthosine-50-phosphate 4.5677 0.0083967 0.014694

Adenine 4.5263 0.0087567 0.01474

Arachidonic acid 4.5165 0.008844 0.01474

Thymidine 4.49 0.0090853 0.01479

Fumarate 4.4447 0.0095135 0.015135

Citric acid 4.2744 0.011323 0.017613

ATP 4.1627 0.012702 0.019328

Kaempferol 4.1223 0.013243 0.019724

(Continues)
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hypoxanthine, adenine, xanthine, inosine monopho-
sphate and adenosine diphosphate were observed in
G3 compared to all other sectors.

The prominence of 2-oxobutanoate as a West–East
discriminator in Figure 3B led us to explore the potential
differences in the TCA cycle metabolites. For TCA
cycle-associated intermediates, the first two principal
components accounted for 71.7% of the variation in the
observed TCA intermediate concentrations (Figure 4A).
Comparing these variables by HCA and heat map, sug-
gested some weak Western-Eastern clustering when
all TCA metabolites were considered (Figure 3C). How-
ever, the levels of oxalacetate, oxoglutarate,
2-oxobutanoate and malate were higher in the western
sectors (G1 and G2).

The cryoconite metabolome also showed that
73.6% of total variation observed was due to metabo-
lites integral to polyamine synthesis (Figure 4B). Using
the KEGG arginine and proline metabolism map
(map00330), metabolites forming part of the nitrogen
assimilation pathway leading to polyamines were tar-
geted in the data matrices. Those that could be unam-
biguously identified included α-ketoglutaric acid which
provides the carbon skeleton for amino acids, and the
key assimilates glutamate and glutamate semialde-
hyde. The amino acids proline, and ornithine together

with their intermediate 1- pyrroline-5-carboxylic acid
(pyrolline-5C) as well as citrulline were identified.
Gamma-aminobutyric acid (GABA), was also included
as it can link glutamate and TCA cycle metabolism via
the GABA-shunt which can contribute to α-ketoglutaric
acid levels (Mahawar et al., 2022). Comparison of
these metabolites by HCA and heatmap suggested no
clear western-eastern split, although G1 samples (the
most westerly) appeared to be distinctive. Thus, GABA,
proline, and α-ketoglutaric acid were at lower levels in
most G1 samples, compared to others (Figure 3D).

Another important component of primary metabo-
lism involves lipids, and it was noted that lipid break-
down products were identified as notable sources of
variation (Table 1), despite the lower observed variance
of 56.6% explained by the first 2 PCs (Figure 4C). Com-
paring lipid-associated metabolites using a HCA and
heat map suggested that samples from in the western
sectors G3 and G4 clustered separately from those of
eastern sectors G1 and G2, which were similar
(Figure 3E). G4 was distinctive in having relatively
lower levels in polyunsaturated derivatives of phospho-
lipid acyl chains, linolenic acid (C18:2), linolenic acid
(C18:3) and arachidonic acid (C20:4).

Given that nucleotide biosynthesis showed differ-
ences between western and eastern sectors

TAB LE 1 (Continued)

Metabolite F value p-value False discovery rate

Serine 4.0452 0.014345 0.02092

Cytosine 3.8768 0.017096 0.024423

Fructose-1,6-bisphosphate 3.8261 0.01803 0.025241

Spermine 3.8005 0.01852 0.02542

Oleic acid 3.7741 0.01904 0.02563

Cysteine 3.6846 0.020924 0.027635

Linoleic acid 3.6591 0.021494 0.027862

Pyrophosphate 3.5952 0.022998 0.029271

O-succinyl-L-homoserine 3.5381 0.024436 0.030545

Indole-3-glycerol-phosphate 3.4821 0.025935 0.03185

Glucosamine 3.4454 0.02697 0.03244

Hexose-phosphate 3.4326 0.027342 0.03244

Xanthoxin 3.4049 0.028163 0.032856

Antheraxanthin 3.2694 0.032569 0.037374

Palmitic acid 3.2169 0.034463 0.03891

Sphinganine-1-phosphate 3.2 0.035097 0.038997

Mannitol 3.1788 0.035909 0.039231

20,30-cyclic AMP 3.1655 0.036428 0.039231

GTP 3.1228 0.03815 0.040462

Asparagine 3.0828 0.039841 0.041617

Alpha-carotene 3.0693 0.040428 0.041617

5-HPETE 3.0328 0.042063 0.042672

Sinapaldehyde 3.0163 0.042824 0.042824

2554 GOKUL ET AL.
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(Figure 3B), which was partially reflected in some
amide metabolism (Figure 3D), we also examined car-
bon fixation as a potential variable across the sectors.

Identified photosynthesis associated metabolites
showed no sector-specific accumulation patterns which
implies the broad importance of photosynthesis in

(A) (B)

(C) (D)

(E) (F)

F I GURE 3 Hierarchical cluster analysis of the major metabolic pathways in Foxfonna ice cap cryoconite communities. (A) Pathways of
essential importance were identified as nucleic acid synthesis, TCA cycle, fatty acid synthesis and polyamine synthesis pathways. (B) Heatmap
showing variable expression in nucleic acid synthesis activity with distinct clustering of sectors G1–G2 and G3–G4 (C) Heatmap showing TCA
intermediates with high significant activity and clustering apparent in sectors G1 and G2. (D) Heatmap of polyamine synthesis depicting that
sector G4 is distinguished by low activities when compared to the other three sectors. (E) Heatmap of lipid synthesis with clustering of high
activity metabolites along sector G4. (F) Heatmap showing clustering in carotenoid synthesis apparent at G1.
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F I GURE 4 Principal component analysis of metabolite profiles in the TCA cycle (A), polyamine synthesis (B), lipid biosynthesis (C),
photosynthesis (D) and nucleotide biosynthesis (E). Sectors are coded as G1 (red), G2 (green), G3 (dark blue) and G4 (turquoise).
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sustaining communities across the ice cap
(Figures 3F, 4D).

Interactions between the microbiome,
environment, and metabolomes in
Foxfonna cryoconite sectors

To understand the interaction between the physical
environment, across ice cap metabolomes and the bac-
terial community of Foxfonna cryoconite, we used
V1-V3 16S rRNA gene region profiles from the same
samples, previously described (Gokul et al., 2016) and
publicly available at EBI-SRA (SRP067436:
PRJNA306097). A comparison of the Spearman rank
value of these metabolites on the ice cap (Table 1)
against the complementary operational taxonomic units
(OTUs) with a relative abundance of above 0.1%
(Table S1), displayed a weak, positive correlation
(R = 0.179, p = 0.04) when analysed using the Mantel-
based test RELATE.

Partial least squares regression (PLSR) modelling
analysed the effects of sector, keystone taxa, core bac-
terial taxa with relative abundance >1% (Gokul
et al., 2016) and environmental variables for geo-
graphic coordinates (Easting and Northing). Among the
latter were: slope, aspect, curvature, hydrological indi-
ces (flow accumulation area, predicted meltwater dis-
charge), incident radiation (energy and hours of
exposure), positive degree days (PDD), chlorophyll
content (Chl-A), and apparent cryoconite area, (Irvine-
Fynn et al., 2010). The keystone and core OTU,
denovo40205, identified as Phormidesmis sp. (Gokul
et al., 2016) strongly adheres to the expected propor-
tional fit exhibiting a robust correlation between pre-
dicted and actual regressions (Figure 5A). The
metabolome predicted influences from incident radia-
tion energy (IRR (kW/m2), Figure 5B) and hours of
exposure to sunlight (IRR hours, Figure 5C).

Analysis of the metabolites with core and keystone
taxa as well as environmental parameters described in
Gokul et al. (2016) by distance based redundancy ordi-
nation (dbRDA), displayed a clear and strong influence
of parameters separating metabolites in the eastern
sectors (G1 and G2) from the western sectors (G3 and
G4) (Figure 6). The predictor variables that best explain
45.4% of total variation in metabolites have high posi-
tive and negative associations for Eastings, Northings
and lower (yet significant) associations for the parame-
ters aspect, PDD, Chl a, ACA, and taxa
Curvibacterium-22,304, Frigoribacterium-32,521,
P. daechungensis-61,341, Phormidesmis-40,205,
Novosphingobium-11,564, Rhizobium-53,430, Mas-
silia-5709, and Eubacterium-1447. The relative influ-
ence of biotic and abiotic factors as predictors of
metabolite patterns were tested in the distance-based
linear models where marginal tests reveal 11 out of

18 environmental parameters (pseudo-F
range = 2.3389–12.721, p range = 0.001–0.043) and
7 out of 20 OTUs (pseudo-F range = 2.9501–4.9933,
p range = 0.001–0.035) were significant contributors
(Table S2). Sequential tests using r-squared selection
revealed that the derived model was heavily influenced
by geographic position (E, pseudo-F = 12.721,
p = 0.001; N, pseudo-F = 4.3482, p = 0.001), PDDs
(pseudo-F = 3.6469, p = 0.008) and chlorophyll a
(pseudo-F = 2.2088, p = 0.033) (Table S3). Overall,
the combined effects of these biotic and abiotic param-
eters have an integral role in shaping the cryoconite
metabolome.

DISCUSSION

Metabolomics-based characterisation of the interaction
between organism and environment is an emerging
‘omic approach that can provide great insight into the
changes associated with climatic and biotic factors at
the molecular level (Lankadurai et al., 2013). In the con-
text of this study, we sought to traverse the metabolic
icescape of Foxfonna, an ice cap in the high Arctic, to
understand how the metabolomes of cryoconite habi-
tats are governed by physical and microbial processes.
While comparisons between different regions
(Edwards, Mur, Girdwood, Anesio, Stibal, Rassner,
et al., 2014), inventories of singular habitats (Lutz
et al., 2015), and in situ experiments on the glacial sur-
face (Cook, Edwards, Bulling, et al., 2016) have been
conducted before, to our knowledge this is the first
study to examine the metabolomic variation at the scale
of an entire ice mass. Our study focuses on contempo-
raneous sampling across the entire ice mass at a time
near the end of the summer season when bare ice is
exposed. Necessarily, this is a single time point study,
potentially integrating the development of the cryoco-
nite communities to that point within the growing sea-
son. While other cryoconite within other regions of the
Arctic shows stable community structure within
the summer period (Gokul et al., 2019) future studies
could address the question of whether temporal
changes are reflected in supraglacial metabolomes at
different timescales. Previously we have reported the
bacterial community structure of the same cryoconite
habitats distributed across Foxfonna (Gokul
et al., 2016), facilitating comparison between micro-
biome and metabolome in the present study. The meta-
bolomic profile presented here establishes significant
influences at the biotic and abiotic levels upon funda-
mental biological pathways. This provides stronger
insights into the active microbiota of Foxfonna’s cryoco-
nite, enhancing our understanding of community devel-
opment, dynamics, and functionality required for
successful microbial colonization of glacial ice surfaces
at high elevation in the high Arctic.
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Spatial variation in biosynthetic potential
within cryoconite metabolomes

We found clear variation in the cryoconite community
metabolomes according to sector on the surface of the
ice cap by unsupervised and supervised methods
(Figures 2–4) as well as multiple multivariate tests.
Given the high-elevation dome shape of the ice cap,
the metabolic profile of Foxfonna suggests a dynamic
relationship between biosynthetic metabolites and ice
mass topography. Biological proliferation as indicated
by nucleotide synthesis essential for genome

replication and gene transcription is abundant across
the surface of the ice cap and is evidenced by the distri-
bution of purine and pyrimidine metabolites across all
the sectors with different intermediates accumulating in
western and eastern sectors (Figure 3B).

A further indicator of biological activity is provided
by the levels of TCA intermediates. These link bioener-
getic metabolism with carbohydrate, amino acid and
fatty acid degradation. A key intermediate in the TCA
cycle is α-ketoglutarate, which is a crucial precursor
metabolite for amino acid biosynthesis. This metabolite
proved to be particularly abundant in the cryoconite

(A)

(B)

(C)

F I GURE 5 PLS regression modelling of all metabolites on Foxfonna dome show that (A) the relative abundance of core taxon
Phormidesmis denovo40205* fits the metabolite regression model best while Irradiation energy (kw; B), and period of irradiation (hours, C) show
some influence, inferring their importance in shaping the cryoconite metabolome of the ice cap.
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samples collected in the westerly sectors (G1 and G2)
on Foxfonna (Figure 3C). A more focused examination
of other TCA cycle intermediates also indicated a ten-
dency for greater levels in sectors G1 and G2
(Figure 3C). This could indicate that TCA cycle activi-
ties and therefore ATP generation were more promi-
nent in G1 and G2 and could be linked to higher levels
of microbial activity.

Central importance of photosynthetic
carbon fixation via cyanobacteria

Interestingly, in our metabolomic assessment, identified
photosynthesis-associated metabolites showed no
clear trend of sector-specific accumulation patterns that
could suggest a differential impact for solar irradiation
(Figure 3F). We interpret this as evidence that photo-
synthetic carbon fixation is of central importance for
community function throughout the study area. Auto-
trophs present on Foxfonna include photosynthesising
algal species (Chlamydomomas and Chloromonas;
Edwards et al., 2016), cyanobacteria (Phormidesmis
and Nostoc species; Gokul et al., 2016) and photosyn-
thetic bacteria (Chloroflexi) that can provide the organic
carbon required by cryoconite communities (Murakami
et al., 2022). The global metabolite regression model
and high relative abundance of cyanobacteria across
the ice cap, specifically the core taxon Phormidesmis-
40,205 that corresponds with the widely acknowledged
Arctic cryoconite ecosystem engineer Phormidesmis
priestleyi (Edwards, Mur, Girdwood, Anesio, Stibal,

Rassner, Hell, et al., 2014; Gokul et al., 2019; Hodson,
Cameron, et al., 2010; Langford et al., 2010, 2014;
Murakami et al., 2022; Segawa et al., 2017; Uetake
et al., 2016), suggests that this cyanobacterial species
may be essential to multiple metabolic process in ice
cap cryoconite ecosystems. PLS regression will identify
variables which correlate with a given features. Due to
the multivariate nature of the correlations, different sub-
sets of the data, that is, a training set, independent test,
cross-validation are projected. A linear correlation
based on the different sub-datasets (shown as between
predictive and actual regression, Figure 5) shows that
the derived correlation has robust statistical power.
Using PLS regression, the overall metabolomic profile
correlated significantly and positively with the relative
abundance of Phormidesmis-40,205 indicating the
inherent involvement of this organism in metabolism by
cryoconite communities (Figure 5A). Relationships
were also observed for parameters relating to solar
energy receipt (Figure 5B, C) but to a lesser extent than
the impact of Phormidesmis-40,205 relative abundance
(Figure 5A). This is further reinforced by dbRDA
(Figure 6) which draws out Phormidesmis-40,205 along
with other biotic and abiotic factors in shaping the cryo-
conite metabolome. Combined, these observations
speak to the importance of Phormidesmis priestleyi as
a transducer of solar energy received by cryoconite
communities on this high Arctic ice cap. Previous work
on the metabolism of cryoconite on north-facing Arctic
glaciers (Anesio et al., 2009) describes the correlation
of primary production and respiration rates, whereas
when taken together here, the distinctive spatial

F I GURE 6 Distance based redundancy ordination (dbRDA) of the combined variation in total Foxfonna ice cap metabolites highlighting the
significant contributors from environmental and bacterial OTU parameters. Metabolites clearly separate into the different sectors on the dome
shaped ice cap demonstrating geographical influence.
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patterns of photosynthesis and heterotrophic metabo-
lism associated metabolites imply a potential decou-
pling to some extent.

The metabolome of Phormidesmis-dominated cryo-
conite holes subjected to experimental perturbation of
solar radiation receipt in Greenland (Cook, Edwards,
Bulling, et al., 2016) showed dramatic responses to
light limitation, with concomitant upregulation of cyclic
AMP, cyclic GMP and fucose catabolism, interpreted
as mediating a phototactic response. Here, we
observed clear trends in the abundance of the impor-
tant signalling molecules cyclic AMP and cyclic GMP
according to sector, with the greatest concentrations in
eastern sectors G3 and G4, where lower concentra-
tions of activity-related biomarkers were observed.
While cAMP is a common second messenger, this may
indicate that carbon fixation through cyanobacterial
photosynthesis may be resilient to changes in the solar
receipt across the ice cap through compensatory mech-
anisms within cryoconite cyanobacteria.

It was notable that the key fatty acids identified also
showed a sectorial difference (Figure 3E) which
appeared like that seen with the nucleotides
(Figure 3B). In microhabitats such as cryoconite holes,
where multiple organisms are in competition for organic
carbon, it is necessary for some organisms to synthe-
size glucose from the acetate generated via fatty acid
oxidation (Link et al., 2015). These fatty acids can be
directed towards EPS production by autogenic ecosys-
tem engineers such as filamentous cyanobacteria and
for maintenance of cell membrane integrity, while other
fatty acids, recognized as prominent stress-induced
hormones in specific kingdoms, respond to temperature
and UV-stress (Tsuji, 2016). These polyunsaturated
fatty acids (PUFAs) have been found to trigger a respi-
ratory burst in algal systems to control the growth of
bacterial biofilms by limiting the action of degradative
products (Küpper et al., 2009). Further processing of
these of these PUFAs leads to the production of such
as hydroperoxyeicosatetraenoic acid (5-HPETE; ara-
chidonic acid 5-hydroperoxide) or the linolenic acid
derivative, jasmonic acid. Both of these derivatives
have been associated with responses to stress and
were relatively lower in G4. Sn-glycerol-3-phosphate is
central in components in glycerophospholipids (such as
linolenic acid, linolenic acid, and arachidonic acid) but
these seem to be diverted to the production of the satu-
rated phospholipid, stearic acid (C18:0). This may be
desaturated to form oleic acid (C18:1j) but levels of this
metabolite were also lower in G4. The possible diver-
sion from desaturation in G4 would not only reduce the
levels of stress associated PUFA derivatives but will
make membranes more rigid (Hąc-Wydro &
Wydro, 2007). Membrane lipid unsaturation has been
extensively linked to chilling tolerance (Edwards
et al., 2020). While the temperatures of seasonally-
open cryoconite holes are modulated by the flow of cold

meltwater (Cook, Edwards, Takeuchi, & Irvine-
Fynn, 2016) meaning temperature gradients within the
cryoconite of different locations are unlikely, it may be
that the earlier arrival of direct sunlight in morning on
the easterly section of the ice cap results in the earlier
displacement of diurnal freezing apparently in late
season.

Metabolomes reflect nitrogen assimilation
and recycling

We observe a low-nitrogen environment where nutrient
cycling due to microbiological action heavily influences
the rates of nitrogen assimilation (Cameron
et al., 2012). As nucleotides can also be indicators of
nitrogen metabolism this could be an indication
of greater nutrient cycling potential. However, other
nitrogen indicators, amino acids and polyamines did
correlate with nucleotide metabolite sectorial patterning
(Figure 3D). In most biological systems, polyamines
have been found to play a role in cell growth by protein
synthesis enhancement, protein activity modulation,
biofilm formation, and changes in membrane perme-
ability (Zhu et al., 2015). Polyamines are aliphatic poly-
cations that are present in all kingdoms, the most
common of which are spermine (Spm), spermidine
(Spd), putrecine (Put), cadaverine (Cad), 1,3 diamino-
propane (Dap). In most biological systems, they have
been found to play a role in cell growth and survival by
protein synthesis enhancement, protein activity modu-
lation, biofilm formation, and changes in membrane
permeability (Krysenko & Wohlleben, 2022; Zhu
et al., 2015). Metabolites are synthesized, catabolized
and shunted by ABC (ATP binding cassette) trans-
porters PotABCD (Spd) and PotFGHI (Put) and under
acidic conditions PotE (Ornithine or Lysine/Put) and
CadB (Lysine/Cad) according to the bacterial cell
requirements. These metabolites are essential to tran-
scription, translation, gene expression, regulation,
autophagy and stress resistance (Miller-Fleming
et al., 2015). Spermidine was shown to be involved in
the maintenance of cell viability in cyanobacteria specif-
ically under combined light and cold conditions, possi-
bly through the promotion of transcription and/or
translation by binding to nucleic acid targets (Igarashi &
Kashiwagi, 2000; Zhu et al., 2015). Based on the
degree of photosynthetic metabolite potential and high
expression of specific TCA cycle metabolites, it is likely
that these processes drive polyamine metabolism and
N-assimilation in this localised region of the ice cap,
highlighting the potential importance of polyamines as
a cyanobacterial survival and nitrogen assimilation
mechanism in this environment (Krysenko &
Wohlleben, 2022; Zhu et al., 2015).

Previous studies of microbial growth under oligotro-
phic conditions have also provided evidence for the
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observed class 1 glutamate, glutamate synthetase and
class 2 amino acids preferring metabolically less-
expensive pathways, that is, degradative pathways, to
fulfil the cellular requirement for nucleotide biosynthesis
(Link et al., 2015). This concept is additionally sup-
ported within this study by the presence of medium to
high levels of xanthine and hypoxanthine alongside low
levels of PRPP which confirm that salvaging is pre-
ferred over de novo synthesis of nitrogenous metabo-
lites in the sampled ice cap cryoconite communities. It
is likely this would prove energetically less demanding.
Moreover, it would enable the demand for nitrogen-rich
compounds to be met from recycling the limited pools
of nitrogenous organic matter available (Barker
et al., 2013), for example through necromass-
associated organic matter liberated during lysis from
the prolific levels of viral predation typical of glacier sur-
faces (Bellas et al., 2013). Indeed, polyamines such as
those detected here have recently been implicated as
‘danger signals’ following the lytic discharge of
polyamine-enriched intracellular milieu consequent to
viral infection (de Mattos et al., 2023). Metagenomic
analyses of cyanobacterial mats in other Arctic habitats
highlight the importance of nutrient scavenging and
recycling as an economical strategy for growth in the
challenging prevailing conditions (Varin et al., 2010).
Therefore, it is likely similar processes are pertinent in
the metabolism of cryoconite communities within the
High Arctic region.

CONCLUSION

In this study, we use metabolomics to detail the func-
tional elements of microbial ecosystems thriving at high
elevations in the high Arctic. Ice cap surfaces represent
some of the most austere terrestrial environments in
the Northern hemisphere. Contemporary climatic warm-
ing is already profoundly apparent in its impact on gla-
ciers and ice caps such as Foxfonna in central
Svalbard (Geyman et al., 2022). The upper reaches of
the Foxfonna ice cap investigated here reside at eleva-
tions well above the historical local equilibrium line alti-
tude (ca. 621 m above sea level in 2007–8; (Rutter
et al., 2011), which was the last year to show apprecia-
ble accumulation of ice mass). This has meant the sea-
sonal window for the development of microbial
communities upon its bare ice has been brief and annu-
ally variable. However, the extent and duration of bare
ice exposure, and hence the most likely opportunity for
cryoconite community development, is likely to con-
tinue expanding. Consequently, high plateau ice caps
such as Foxfonna are likely to increase in their promi-
nence as microbial habitats within the warming Arctic.

Within this study, metabolomics reveals cryoconite
microbial communities of Foxfonna ice cap have bio-
synthetic pathways that can be linked to basic key

metabolic functions for energy production and nutrient
assimilation, with evidence that energy availability con-
strains the distribution of the functional groups in these
cryoconite communities. There is an indication of the
preferential use of metabolites generated by energeti-
cally cheaper pathways (i.e., degradative pathways) in
order to sustain cellular growth in this environment as
opposed to de novo synthesis, particularly in relation to
nitrogen-containing metabolites. This study also sug-
gests a prominent impact of East–West directional ori-
entation that affects the metabolites present implying
that organism function has a strong dependence on ice
mass topography and light availability. Their ability to
maintain biological functions under nutrient-poor, low
temperature and acidic pH conditions results from
microbial regulation of proteins, carotenoids and mem-
brane lipids. Autotrophic processes in this environment
are governed by photosynthetic taxa such as microal-
gae and cyanobacteria, including Phormidesmis priest-
leyi, a key member of the core community of this
environment (Gokul et al., 2016), aiding provision of the
necessary organic matter required for sustaining
the heterotrophic members of the community and phys-
ical stability on ice cap surfaces.
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