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The ephemeral, supraglacial meltwater ponds of the McMurdo Ice Shelf’s

undulating ice serve as analogues for refugia where eukaryotic organisms
could have thrived during the Cryogenian period. The seafloor sediment and
debris lined ponds support the growth of a diverse array of cyanobacterial mat
communities and provide habitats for a variety of protists and meiofauna.
Here, we show that these eukaryotic assemblages, assessed by steroid bio-
marker and 18S rRNA gene analyses, inform long-standing questions regarding
the diversity of, and controls on, community composition in these environ-
ments. Sixteen photosynthetically active microbial mats from meltwater
ponds, a 700-year-old relict microbial mat, and a microbial mat from the
Bratina Lagoon were analysed for their sterol compositions. These sterols were
subjected to simulated diagenesis via catalytic hydrogenation/hydrogenolysis
affording their sterane hydrocarbon counterparts, facilitating comparisons
with ancient settings. Pond salinity appeared to be a factor influencing the
sterol distributions observed. Analyses of 18S rRNA gene sequences con-
ducted on the modern mats independently confirm that the ponds host
diverse eukaryotes, including many types of microalgae, protists, and an array
of unclassifiable organisms. Our findings support the hypothesis that supra-
glacial meltwater ponds like those of the McMurdo ice are strong candidates
for refugia that sheltered complex life during Snowball Earth episodes.

M Check for updates

The global prevalence of late Neoproterozoic glacial deposits at
equatorial latitudes, together with a range of accompanying features
such as the distinctive cap dolostones and unusual iron formations, led
to the articulation of the Snowball Earth hypothesis'>. Following
extensive research in high precision geochronology, stratigraphy,
palaeontology, geochemistry, and modelling, the Cryogenian period
was established; the 720 to 635 million year ago interval is marked by
two long-lived Sturtian and Marinoan glacial epochs with a warmer
interglacial*®. The extreme environmental transformation that took
place during the Cryogenian has been cited as an evolutionary driver

for the Ediacaran expansion of multicellular life”®. The idea of a hard
Snowball, a scenario in which the entire planet was encapsulated in ice
so thick that sub-ice photosynthesis in the marine realm was pre-
vented, has faced numerous critiques, with alternative proposals such
as a soft Snowball, slushball’, or thin ice scenarios' that would have
been less disruptive to the marine carbon cycle. Whatever the case, it is
instructive to consider the viability of eukaryotic refugia under these
scenarios, specifically supraglacial settings, where aquatic photo-
synthesis could have been productive in support of ecosystems where
complex life persisted and evolved™ .

Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA. 2School of Earth and Environmental
Sciences, Cardiff University, Cardiff, UK. *Department of Science, Natural History Museum, London, UK. *Coastal Marine Field Station, University of Waikato,
Tauranga, New Zealand. SPresent address: Shell Global Solutions International B.V., The Hague, The Netherlands. " e-mail: fhusain@mit.edu

Nature Communications | (2025)16:5315 1


http://orcid.org/0000-0003-3548-3658
http://orcid.org/0000-0003-3548-3658
http://orcid.org/0000-0003-3548-3658
http://orcid.org/0000-0003-3548-3658
http://orcid.org/0000-0003-3548-3658
http://orcid.org/0000-0003-2471-6903
http://orcid.org/0000-0003-2471-6903
http://orcid.org/0000-0003-2471-6903
http://orcid.org/0000-0003-2471-6903
http://orcid.org/0000-0003-2471-6903
http://orcid.org/0000-0002-7144-8537
http://orcid.org/0000-0002-7144-8537
http://orcid.org/0000-0002-7144-8537
http://orcid.org/0000-0002-7144-8537
http://orcid.org/0000-0002-7144-8537
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60713-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60713-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60713-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-60713-5&domain=pdf
mailto:fhusain@mit.edu
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60713-5

Supraglacial meltwater ponds, analogous to those presently
scattered atop the McMurdo Ice Shelf, would have been prevalent
along continental margins and supported microbial communities
during the Cryogenian™™. In turn, these communities would have
sheltered antecedents for the succeeding Ediacaran Period’s diversifi-
cation and proliferation of complex eukaryotic life, including the first
animals®". Still, outstanding questions remain regarding the persis-
tence and distribution of such eukaryotic refugia, as well as of the
types of organisms that may have existed within them. The scarcity of
fossil records of Cryogenian ecosystems, coupled with the low like-
lihood that evidence of life from supraglacial habitats could be pre-
served in the geologic record, highlights the value of detailed
characterisations of contemporary analogues. While acknowledging
that Cryogenian microbiota would have been different from those of
today, it has long been recognised that the ecological and metabolic
structuring of modern microbial mats serve as useful models for those
of Earth’s past®.

Detailed characterisations of the eukaryotic communities of
Antarctic supraglacial ecosystems are limited and, until recently,
were primarily constructed through microscopy™'*™. Such visual
approaches necessitate the identification of distinct morphological
characters—a prospect complicated by morphotype similarities
for many eukaryotic microbial groups, including metazoa and SAR”.
Early, microscopy-based identifications of diatoms, chlorophytes,
chrysophytes, and metazoa have been confirmed and expanded upon

via contemporary applications of environmental 18S rRNA gene
sequencing techniques'®?". However, methodological challenges, such
as the optimisation of primers and amplification techniques for psy-
chrophiles, still limit the understanding of microbial eukaryotic
diversity in Antarctica®. Some of these limitations may be addressed
by the identification of sterols, the membrane-stabilising and cell-
signalling lipid biomarkers of eukaryotes, which can be closely asso-
ciated with distinct eukaryotic groups®*. The detection of sterols
and their chemically reduced counterparts, the stanols and steranes,
in ancient and modern sedimentary settings enables an independent
reconstruction of the eukaryotic community. Though sterol biosyn-
thetic pathways may be shared across many eukaryotic taxa,
broad classifications may be assigned, and steroid biomarker
compositions may be compared across different environmental set-
tings and time.

The McMurdo Ice Shelf's undulating ice affords a readily
accessible Cryogenian analogue environment with the opportunity
to examine microbial eukaryotic distributions across a variety of
supraglacial settings, including physicochemically-diverse meltwater
ponds (Fig. 1 and Table 1) supporting photosynthetically active
microbial communities (Fig. 2A), former pond basins that are now
elevated and have desiccated (Fig. 2B), and an active meltwater
lagoon system. This environment also hosts an array of marine debris
on the ice surface (Fig. 2C, D). To characterise signatures of eukar-
yotic life across the undulating ice, steroid biomarker distributions
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Fig. 1| Study area and sample location. A The geographical location of the study
vicinity and Bratina Island. B Detailed depiction of the meltwater ponds off the
coast of Bratina Island based on satellite imagery. Sites included in this study are

outlined in black and coloured in blue. Not shown: Bratina Lagoon, located
approximately 1km west of the area depicted.
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Table 1| Study site descriptions

Name Approximate coordinates pH Temperature (°C) Conductivity (uS/cm) Microbial mat description

Duet Pond 78°00'55"S, 165°32'58"E 10.16 0.0 19 Thin, poorly cohesive green/grey-
coloured mat

Fresh Pond 78°00'55"S, 165°32'34“E 8.98 0.0 421 Thin, orange-coloured mat

Fogghorne Pond 78°00'57“S, 165°33'07“E 9.86 0.5 646 Macroscopic Nostoc commune sheet

Brack Pond 78°00'55"S, 165°32'43"E 9.27 1.5 6690 Orange/green-coloured benthic mat

Roger Pond 78°00'52"S, 165°32'39"E 9.89 2.0 1338 Orange-coloured benthic mat

Conophyton Pond 78°00'51"S, 165°32'44"“E 9.24 1.0 1480 Orange-coloured pinnacle mat

Orange Pond 78°00'48"S, 165°33'14"E 9.73 2.5 1541 Green/grey-coloured benthic mat

Skua Pond 78°00'47"S, 165°33'05“E 9.69 2.0 1920 Lift-off mat from margin

Castenholz Pond 78°00'46"S, 165°33'08"E 9.55 1.0 2100 Leathery, orange-coloured mat

Legin Pond 78°00'58"S, 165°32'57“E 9.50 1.0 2890 Orange-coloured mat

Pond Seventy 78°00'53"S, 165°33'09"“E 9.88 2.0 3870 Orange-coloured mat

Salt Pond 78°00'57“S, 165°32'44"E 9.38 0.0 28400 Green/grey-coloured benthic mat

New Pond 78°00'53"S, 165°33'28"E n.d. n.d. n.d. Orange-coloured pustular mat

AMS Pond 78°00'53"S, 165°33'22“E 9.56 2.5 2430 Leathery pustular mat

Bratina Lagoon 78°01'00”S, 165°29'60“E n.d. n.d. n.d. Thin, orange-coloured mat

Relict Mat Near Brack & Fresh ponds n.a. n.a. n.a. Tan-coloured dried mat

Descriptions include approximate coordinates, physicochemical conditions, and sample characteristics. n.d. indicates no physicochemical data collected, while n.a. indicates not applicable.

Fig. 2 | Life around the Bratina meltwater pond landscape. A Pustular microbial
mat section collected from New Pond. B A mound of relict microbial mats. C A fossil
sponge on the landscape surface atop pinnacle ice. D A fossil bryozoan. All photos
were captured by RES in January 2018.

were examined in 16 microbial mats collected from the landscape
and compared with 18S rRNA gene characterisations of the mat
communities. Sterols derived from the microbial mats were further
subjected to simulated diagenesis via catalytic hydrogenation/
hydrogenolysis to generate sterane assemblages that can be com-
pared to those preserved in the fossil record. The results of these
analyses support the notion that diverse communities of protists and
meiofauna persist within supraglacial meltwater ponds, and that the
meltwater refugia on the McMurdo Ice Shelf are plausible candidates
for settings which harboured complex ecosystems during the Cryo-
genian Period.

Results

Sterol TMS ethers

Diverse assemblages of C,¢ to Csqg sterols were identified across the
ponds, Bratina Lagoon, and within the relict microbial mat. Repre-
sentative chromatograms for ponds Skua, Duet, and Brack are shown
in Fig. 3; systematic names corresponding to peak numbers are
denoted in Table 2. A list of common names corresponding to sys-
tematic names is available in Supplementary Table 1. Twenty-nine
individual steroids were identified across the samples not including
the internal standard, cholest-5-en-3B-ol (*H,). In some cases, sterols
clearly co-eluted with another compound, as in peaks 16, 17, 21, 25, and
26. For peaks 21 and 26, the sterols co-eluted with non-steroidal
molecules, such as o-tocopherol in the latter. 24-Ethylcholesta-
5,24(28)Z-dien-3p-ol, peak 25, co-elutes with (24R)-ethyl-5a-cholestan-
3pB-ol on a standard DB-5MS column as shown in the supplementary
material (Supplementary Fig. 1). Nine unknown steroids were identified
for which standards and reference spectra were not available; their
mass spectra and observed characteristics are reported in the sup-
plementary material (Supplementary Figs. 2-10).

A sole Cy¢ sterol, 22-trans-24-norcholesta-5,22E-dien-33-ol, was
detected in the Brack Pond microbial mat. Most samples contained a
range of C,7 sterols and stanols, including Sa-cholest-22E-en-3f3-ol, 53-
cholestan-33-ol, 27-nor-(24S)-cholesta-5,22E-dien-33-ol,  cholesta-
5,22E-dien-3f-ol, cholest-5-en-3f-ol, Sa-cholestan-3B-ol, and Sa-chol-
est-7-en-3f-ol. In nearly all microbial mat samples, cholest-5-en-3(3-ol
had the greatest percent abundance of all sterols except in the case of
ponds Skua, Fogghorne, Conophyton, Orange, Legin, Brack, and in the
relict microbial mat. In those ponds except Brack and Salt, a Cyo sterol,
(24R)-ethylcholest-5-en-3f-ol, was the dominant sterol. Brack and Salt
Pond’s sterol assemblages were dominated by 24-methylcholesta-
5,22E-dien-3f-ol, a C,g sterol. The C,g sterols 24-methylcholesta-5,22E-
dien-3B-ol and (24R)-methylcholest-5-en-3B-ol were present in all
microbial mats examined, while 24-methylcholesta-5,24(28)-dien-33-ol
was detected in all ponds except Skua, Roger, AMS, and the Bratina
Lagoon. 24-Methyl-5a-cholest-7-en-3f3-ol was detected in most of the
mat samples except in those from ponds Roger, AMS, Salt, the Bratina
Lagoon, and the relict microbial mat.

(24R)-Methyl-5a-cholestan-3f3-ol minorly contributed to the total
sterol abundances and was only detectable in ponds Skua, Duet, Fresh,
Conophyton, Castenholz, Legin, Seventy, and Brack. The Cy9 sterols
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Fig. 3 | Partial gas chromatograms showing compounds identified in ponds
Skua, Duet, and Brack. Sterols identified are numbered; their corresponding
peaks are described in Table 2. Peaks labelled A represent carboxylic acids, peaks

labelled S represent siloxanes, and the peak labelled U represents an unidentified
non-sterol, non-acid compound.

(24S)-ethylcholesta-5,22E-dien-3f3-ol and (24R)-ethylcholest-5-en-33-ol
were present in all samples and together represented the largest
proportion of sterols except in pond New, where they were present in
equal proportion to cholest-5-en-33-ol, and in ponds Salt and AMS. 24-
ethylcholesta-5,24(28)Z-dien-33-ol was not quantified due to its co-
elution with (24R)-ethyl-5a-cholestan-3p-ol but its fragment ions,
including 484, 386, 296, 281, 257, and 129 Da, were present within the
wide C,o peaks across samples. The C,o phytosterol (24S)-ethyl-5a-
cholesta-7,22E-dien-3f-ol was present in all environments except those
of ponds Roger, AMS, Salt, the Bratina Lagoon, and within the relict
microbial mat. 23,24-Dimethyl-5a-cholest-22E-en-3f3-ol was detected,
though in minor proportions across ponds Skua, Duet, Conophyton,
Legin, and Pond Seventy. 4a,23,24-Trimethylcholest-22E-en-33-ol was
the sole Csq sterol detected within the sample set, in Skua Pond, and it
co-eluted with a compound containing a strong 502 Da fragment, as
well as 237, 221, and 73 Da fragments, which was tentatively identified
to be a-tocopherol.

Sterane hydrocarbons

The simulated diagenesis of microbial mat sterols yielded an assort-
ment of steranes with varying proportions across the sample set; the
abundances of 4-desmethylsteranes are described in Table 3. Cy;
through C,9 steranes dominated the total sterane distributions; minor
proportions of C,¢ steranes, Cso 4-desmethylsteranes, and Cso
4-methylsteranes were also present. Mat sterols from all ponds gen-
erated the C,¢4 norsteranes 24-norcholestane and 27-norcholestane in

varying proportions, while the C3o 4-desmethylsteranes 24-n-pro-
pylcholestane and 24-isopropylcholestane were recovered from ponds
Skua, Fresh, Conophyton, Castenholz, Legin, Pond Seventy, Brack, Salt
and from the Bratina Lagoon and were present in varying proportions.
C;0 4-methylsteranes were detected at either trace or quantifiable
abundances in all the ponds and were not employed in abundance
calculations. A putative C3; sterane (Supplementary Fig. 11) was
detected after hydrogenation of the Pond Seventy sterols and com-
prised 0.02% of the total 4-desmethylsteranes; this compound was not
detected elsewhere.

C,7 to Cyo sterane distributions varied across the mat samples.
When plotted on a C,,-Cyg-Cy ternary diagram, the mat-derived ster-
anes cluster centrally, though steranes derived from mats from ponds
with conductivities >4000 uS/cm have higher proportions of C,g
steranes (Fig. 4). Steranes derived from the relict microbial plotted
closely with those derived from Pond Seventy, Legin Pond, Duet Pond,
and Castenholz Pond. Steranes analysed from the hydrocarbon frac-
tion of the relict mats, which was not subjected to hydrogenation,
plotted closely with its hydrogenated sterol counterpart.

Catalytic hydrogenation/hydrogenolysis of the microbial mat
sterol fractions yielded aaxa20R and Baoa20R sterane epimers; repre-
sentative MRM chromatograms and peak identities from Fresh Pond
are shown in Fig. 5. A total of ten 4-desmethylsteranes were detected,
with the 5a epimer present in greater abundance than the 50 epimer in
all cases. The isomer ratios are compiled for the steranes across the
mats for Cp7 through C, steranes in Supplementary Fig. 12. Across the
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n.a.

Unknown Steroid

1.072

30

Cholest-5-en-3B-ol(2H5) is not included (n.i.) in the steroid abundances. Repeat peak numbers indicate identification of clear co-elution between the first compound and the second, noted by co.e. where appropriate. Certain names are abbreviated: Fogg is short for

Fogghorne, Cono is short for Conophyton, Casten is short for Castenholz, and P70 is short for Pond Seventy. The systematic name for peak 26 is 2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)-6-chromanol. Common names for sterols are located in

Supplementary Table 1.

sample set, the 5a:5p ratio ranged from close to 1:1 in the case of the
relict mat and the mat from the Skua Pond margin, while steranes
generated from the Bratina Lagoon mat exceeded a 7:1 ratio. Steranes
generated from photosynthetically active microbial mats in meltwater
ponds contained ratios intermediate to these endmembers. No clear
trend was observed between carbon number and 5a:5p ratios.

In addition to the detection of C,¢ norsteranes across the sample
set, a series of C,; to Cy9 norsteranes were present as shown in Fig. 5;
they eluted slightly after the primary aaa20R and Baa20R cholestane,
24-methylcholestane, and 24-ethylcholestane peaks and appear to be
the 27-nor series. In some cases, the C»; to Cy9 Norsteranes were pre-
sent in abundances too low for integration, such as in the case of
Orange Pond, while in the relict microbial mat hydrogenated sterols,
norsteranes comprised nearly 9% of the total steranes (Table 3). The
presence of these norsteranes in the hydrocarbon fraction of the relict
microbial mat, which was not subjected to any chemical treatment,
confirm the natural occurrence of the C,; to Cy9 norsterane series
detected (Supplementary Fig. 13).

18S rRNA gene analysis

The 18S rRNA gene sequencing of microbial eukaryotes in the micro-
bial mat fragments revealed the presence of a variety of eukaryotic
groups, including SAR, Opisthokonta, and Archaeplastida. These
groups had the largest relative abundances (Fig. 6) across all ponds
studied, followed by Amoebozoa and Excavata. Centrohelida com-
prised a small relative abundance in all ponds except Salt, where it was
absent, while Cryptophyceae were minor constituents of ponds New,
Fogghorne, Roger, Conophyton, Orange, Castenholz, Legin, Salt, and
in the Bratina Lagoon. Haptophyta had low relative abundances in
ponds Duet, Fresh, Conophyton, Orange, Castenholz, Seventy, and
Brack. In some ponds, including Duet, Fresh, and AMS, the relative
abundance of uncategorisable eukaryotes exceeded 50%; in other
cases, some of the 185 rRNA gene sequences were grouped into
incertae sedis.

Further evaluation revealed that certain subgroups dominated
within the mats (Fig. 6 and Supplementary Fig. 14). Among the 18S
rRNA genes assigned to Stramenopiles, Ochrophyta had the highest
relative abundance, followed by minor contributions from Labyr-
inthulomycetes, Peronosporomycetes, and Bicosoecida. A small pro-
portion of Stramenopiles were classified as incertae sedis and
comprised less than 0.2% relative abundance in ponds Brack and New.
Among the categorizable Alveolata, Ciliophora had the highest relative
abundance, followed by Protalveolata and Dinoflagellata. Apicomplexa
were detected in Fogghorne and Conophyton Ponds, corresponding
to less than 0.1% relative abundance. All Rhizaria detected belonged to
Cercozoa. Nearly all Archaeplastida sequences detected across all
ponds grouped within Chloroplastida and mostly consisted of 18S
rRNA gene sequences from the green alga Chlorophyta, followed by
Charophyta. Among the ponds, Salt exclusively contained 18S rRNA
gene sequences grouping into Chlorophyta, while it comprised the
majority of the Archaeplastida in all ponds except AMS, where Char-
ophyta was in the majority. The SAR group, comprising Stramenopiles,
Alveolata, and Rhizaria, had the highest relative abundances in Salt
Pond and in the Bratina Lagoon.

Within the Opisthokonta (Supplementary Fig. 15), Holozoa,
including Metazoa and Choanoflagellida, comprised the largest rela-
tive abundance of 18S rRNA gene sequences in all ponds. Among the
Nucletmycea, the Fungi and the Nucleariidae and Fonticula groups
were detected and comprised at least 20% of the Opisthokonta relative
abundance in ponds Brack, Orange, Duet, and Fresh.

Among the categorizable Amoebozoa (Supplementary Fig. 16),
Tubulinea and Discosea had the largest relative abundances, followed
by smaller contributions from Schizoplasmodiida. Protosteliida were
only detected Roger Pond and comprised less than 0.2% of the relative
abundance. Brack Pond, which had the highest relative abundance of
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Table 3 | Proportions of sterane abundances across the sample set

Sterane Abundances  %24-norC,g %27-norCog %norC,g-Cag %Ca7 %Cog %C29 %n-C3o %i-C30 i-C30/n-C30 %Cz
Skua 0.05 0.40 1.74 47.95 19.68 30.62 n.p. 0.01 u.d. n.p.
Duet 0.09 0.24 213 4116 11.66 45.04 n.p. n.p. u.d. n.p.
Fresh 0.50 0.20 117 52.45 21.45 24.76 0.04 0.3 3.4 n.p.
Roger 0.03 0.12 2.24 43.97 27.32 26.47 n.p. n.p. u.d. n.p.
Cono 0.07 0.26 2.21 33.29 25.16 38.86 0.06 0.42 7.2 n.p.
Orange 0.02 0.05 0.07 45.94 2713 26.86 n.p. n.p. u.d. n.p.
Casten 0.64 0.13 1.89 49.25 17.91 30.92 n.p. 0.04 u.d. n.p.
AMS 0.04 0.10 0.39 52.28 22.7 24.61 n.p. n.p. u.d. n.p.
Legin 0.18 0.33 0.51 33.94 24.05 41.45 0.02 0.04 25 n.p.
Seventy 0.03 0.57 0.60 31.95 20.31 37.48 n.p. 9.63 u.d. 0.02
Brack 0.08 0.7 1.87 30.67 45.98 21.36 n.p. on 32.1 n.p.
Salt 0.07 0N 3.96 32.52 42.96 20.14 0.01 0.42 49.6 n.p.
Lagoon 0.07 0.06 0.3 37.08 33.40 29.30 0.08 0.01 0.1 n.p.
Relict 0.64 0.2 9.06 30.87 16.64 43.42 n.p. n.p. u.d. n.p.

Abundances were calculated using 00o20R isomers. Certain names are abbreviated: Cono is short for Conophyton,

undefined.

Cc28

and Casten is short for Castenholz. n.p. indicates no peak; u.d. indicates

Sample Key

1- Relict Microbial Mat

F- Relict Microbial Mat (no hyd.)
2- Duet Pond

3- Fresh Pond

4- Roger Pond

5- Conophyton Pond

6- Orange Pond

7- Skua Pond

8- Castenholz Pond

9- AMS Pond

10- Legin Pond

11- Pond Seventy

12- Brack Pond

13- Salt Pond

14- Bratina Island Lagoon

ca7
oConductivity <4000pS/cm

Fig. 4 | Ternary diagram depicting C,;, C,g, and C,o sterane distributions
derived from the microbial mats. Hydrogenated relict microbial mat steranes,
noted by 1, are included as well as relict microbial mat steranes without hydro-
genation, noted by F. Values were calculated using the relative intensities of

C29

D Conductivity >4000uS/cm

aaa20R isomers. Ponds with conductivities >4000 pS/cm are noted with orange
squares; ponds with conductivities <4000 uS/cm are noted with blue circles; ponds
without conductivity information available are noted with white squares.

Amoebozoa among all the ponds, also had the highest relative abun-
dance of unclassified Amoebozoa among the microbial mats studied.
Salt Pond had the largest relative abundance of Leptomyxida, while
Fogghorne Pond had the highest relative abundance of Euamoebida;
these groups were a minor constituent or absent in all other ponds.
Centrohelida (Supplementary Fig. 17) were detected in all ponds
except Salt; in these ponds, the group comprised less than 1% of the
eukaryotic community.

Cryptophyceae (Supplementary Fig. 18) were present in low
relative abundances in most ponds and were absent in ponds Seventy,
Brack, Duet, Fresh, and AMS. The majority of the 18S rRNA gene

sequences were assigned to Cryptomonadales, specifically Crypto-
phyta. The vast majority of Excavata detected (Supplementary Fig. 19)
were assigned to Discoba and were present in all the microbial mats
studied. Few 18S rRNA gene sequences from Haptophyta were detec-
ted (Supplementary Fig. 20); of the ponds that contained their
sequences, Pond Seventy contained the largest relative abundance of
18S rRNA gene sequences assigned to Haptophyta, all of which were
members of the Prymnesiophyceae class. Other ponds, such as Brack,
Castenholz, Orange, Duet, and Fresh, contained 18S rRNA gene
sequences from Pavlovophyceae. Haptophyte 18S rRNA gene
sequences across the ponds belonged to either Prymnesiophyceae or

Nature Communications | (2025)16:5315


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60713-5
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2 24-norcholestane aaa20R
0 3 27-norcholestane Baa20R
MRM (372.3 ->217.2
x105)* Fresh (gondSCZ Stera)nes 7 4 27-norcholestane aaa20R
2 5 5 cholestane Baa20R
6 C27 norsterane Baa20R
05+ MRM (386.3 > 217.2) B 7 cholestane aaa20R
Fresh Pond C,4 Steranes 8 C27 norsterane aaa20R
0.5 9 9 24-methylcholestane Baa20R
0 10/ 12 10 Cas norsterane Baa20R
x105|+ MRM (400.4 -> 217.2) 15 11 24-methylcholestane aaa20R
Fresh Pond C,g Steranes
1 12 Cas norsterane aaa20R
0.5 13 13 24-ethylcholestane faa20R
14 )| 16
0 e | 14 C29 norsterane BGQZOR
x102|+ MRM (414.4 -> 217.2)
75| Fresh Pond C,, Steranes 20 15 24-ethylcholestane aaa20R
5 18 16 C29 norsterane aaa20R
25 17y 19
0 17 24-n-propylcholestane Baa20R
x102|+ MRM (414.4 -> 231.2) o1 18 24-isopropylcholestane Baa20R
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0 A A 21 4-methylsteranes
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Fig. 5 | Dynamic multiple reaction monitoring (IMRM) chromatograms showing steranes from Fresh Pond sterol hydrogenation. Numerically labelled peaks are

accompanied by peak identities.

Pavlovophyceae—no ponds in this work contained 18S rRNA gene
sequences from both subgroups simultaneously. Small proportions of
18S rRNA gene sequences from some ponds were broadly categorised
as incertae sedis (Supplementary Fig. 21), including Apusomonadidae
and Amastigomonas in ponds Roger, Legin, and Seventy, as well as the
Bratina Lagoon, as Breviata in ponds New, Duet, Roger, Conophyton,
Orange, AMS, and Seventy, and as Telonema in Salt Pond and
Legin Pond.

Principal component analysis

Principal component analysis (PCA) revealed relationships between
the meltwater ponds and accompanying sterane and 18S rRNA gene
data (Fig. 7). PCA biplots were comprised of loadings, which describe
how strongly variables such as sterane or 18S rRNA gene categories
influenced each principal component, and the principal component
scores for each pond examined. For sterane distributions, the analysis
recovered five principal components (PCs), while ten components
were recovered for 18S rRNA gene distributions. PCs with the largest
eigenvalues that explained at least 80% of the total variance were
selected; this resulted in the retention of 2 PCs for each analysis.
Environmental parameters such as pH, temperature, and conductivity
were overlaid on individual pond PC scores to examine their potential
impacts on the distribution of the data; no trends were observed for
pH and temperature, which only varied slightly across ponds. Ponds
Salt and Brack, which had the highest conductivities, had similar PC
scores and clustered in both analyses, unlike ponds Duet and Fresh,
which had the lowest conductivities but dissimilar scores across PCs.

Within the sterane PCA analysis, minor sterane constituents
exerted weak influence on the principal components, while the C,,
Css, and Cyo steranes strongly influenced PC1. The C,; and Cyy steranes
influenced PC2 while the C,s steranes did not. Ponds Brack and Salt
were most influenced by C,g steranes, while ponds with lower con-
ductivities were more influenced by C,; and C, steranes. Duet Pond,
which had the lowest conductivity, was most influenced by C,g ster-
anes. In the 18S rRNA gene distribution PCA analysis, only Ophistho-
konta, SAR, Archaeplastida, and Uncategorisable Eukaryota had strong
influences on the PCs; Cryptophyceae, Centrohelida, Haptophyta,
Excavata, and incertae sedis were largely uninfluential. Amoebozoa
were slightly correlated with SAR. Ponds AMS and Fresh were influ-
enced by Uncategorisable Eukaryota, while Conophyton was most
influenced by Archaeplastida. Ponds Legin and Roger were most
influenced by Opisthokonta. Ponds which plotted near the origin, such
Castenholz, Seventy, Brack, and Salt, which had higher salinities than
ponds with greater PC scores, were largely uninfluenced by any 18S
rRNA gene distribution variables.

Discussion

The techniques applied in this work extend previous characterisations
of microbial life from the Bratina meltwater pond landscape****?,
which mostly focused on the dominant bacterial diversity of the
microbial mat communities. To characterise the eukaryotic commu-
nities living in the supraglacial meltwater pond landscape, sterol
biomarkers were extracted, analysed, and converted to their fossil
analogues via simulated diagenesis. This approach generates not
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Fig. 6 | 18S rRNA gene communities of the undulating ice meltwater ponds and
the Bratina Lagoon microbial mats. Community assemblages are shown as
relative abundances. Certain names are abbreviated: Fogg is short for Fogghorne,

Cono is short for Conophyton, and Casten is short for Castenholz. Source data are
provided as a Source Data file.

only a would-be fossil assemblage for a type of organosedimentary
system unlikely to be preserved in the fossil record®, but also a point-
of-view from which low-abundance and/or potentially co-eluting
sterols can be more readily detected and interpreted. Significant

eukaryotic diversity remains under characterised in this Cryogenian
analogue environment via modern genetic sequencing, underscoring
the continued utility of steroid biomarker analyses of potential
eukaryotic refugia.
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Fig. 7 | Principal component analysis of meltwater pond microbial mat steranes
and 18S rRNA gene communities. Principal component scores for individual
ponds are coloured according to conductivity, while loadings, representing the
distributions of A steranes and B 18S rRNA genes, are coloured in dark purple.

Certain 18S rRNA gene variables plotted very closely together near the origin and
their names are abbreviated. Cr is short for Cryptophyceae, Ce is short for Cen-
trohelida, and Ha is short for Haptophyta.

18S rRNA gene eukaryotic communities in meltwater pond
microbial mats

The eukaryotic 18S rRNA gene sequences analysed from the meltwater
pond and Bratina Lagoon microbial mats were broadly classified into
the major eukaryotic groups Amoebozoa, Archaeplastida, Cen-
trohelida, Cryptophyceae, Excavata, Haptophyta, Opisthokonta, SAR,
incertae sedis, and uncategorisable Eukaryota. Opisthokonta, along
with SAR and Archaeplastida, comprised the greatest relative abun-
dances of categorizable Eukaryota across the meltwater ponds. The
high proportions of Opisthokonta detected likely reflect the presence
of meiofauna and microfauna in the microbial mats, including nema-
todes, tardigrades, and rotifers. Due to the size difference between
these meiofauna, microfauna, and protist and fungi cells, it is possible
that the metazoa may bias the 18S rRNA gene survey results. It is for
this reason that metazoa are commonly excluded from 18S rRNA gene
surveys in polar environments?. The prevalence of 18S rRNA gene
sequences which were not categorizable past Eukaryota and the
broadest classification levels may be due to the use of short sequence
reads, as well as the limited representation of polar microorganisms in
reference databases?. It is also possible that these ponds may support
cryptic or dark eukaryotic diversity that has yet evaded growing
annotated environmental databases, as is currently the case with
diverse, polyphyletic groups such as algae®® and SAR”.

The eukaryotic compositions of the meltwater ponds and lagoon
varied greatly despite the close proximity and physicochemistries of
the individual sites, a finding similarly observed during a previous 18S
rRNA gene analysis of a small subset of these ponds”. The implication
of this variation is that there is no archetypal microbial mat eukaryotic
composition in these environments, though it is generally possible to
expect the consistent presence of SAR, Opisthokonta, and Archae-
plastida as the most abundant categorizable constituents. For exam-
ple, both ponds Conophyton and Salt contain these three eukaryotic
groups, but Conophyton Pond is dominated by Archaeplastida while
Salt Pond is SAR-dominated (Fig. 6).

Potential controls, including environmental variables, have not
been previously shown to majorly impact eukaryotic community
composition®. However, the graphical representation of the PCA
conducted in this work (Fig. 7b) revealed that salinity may play a more
prominent role than previously determined. Ponds with more extreme
principal component scores tended to have relatively low

conductivities, while ponds closer to the origin, whose PC scores did
not appear to be significantly influenced by the variables examined,
were measured to have higher conductivities except for Castenholz.
This potential subtle salinity control is more apparent in the sterane
ternary (Fig. 4) and sterane PCA analysis (Fig. 7a) and is discussed
further below.

Sterols

Sterol assemblages detected across the mats, although varied in their
individual components and their distributions, broadly correspond to
those produced by microalgae, protists, and potentially, metazoan
meiofauna (Table 2).

Previous studies of Antarctic diatoms have recovered sterol
distributions which closely overlap with those observed within the
meltwater pond microbial mats, the components of which include
22-trans-24-norcholesta-5,22E-dien-3f3-ol, cholesta-5,22E-dien-3f3-ol,
cholest-5-en-33-ol, 24-methylcholesta-5,22E-dien-33-ol, 24-methyl-
cholesta-5,24(28)-dien-3f-ol, 24-methylcholest-5-en-33-ol, 24-ethyl-
cholesta-5,22E-dien-3f3-ol, 24-ethylcholest-5-en-33-ol, and 4«,23,24-
trimethylcholest-22E-en-3B-0I°**', Many of these compounds have
been detected in other protists, such as dinoflagellates, and micro-
algae, including marine and freshwater eustigmatophytes, hapto-
phytes, cryptophytes, chrysophytes, and prasinophytes®?>*
Rampen et al.’s* detailed classification of sterols from a variety of
diatoms demonstrated that the most common sterols in this group
were comprised of 24-methylcholesta-5,24(28)-dien-33-ol, cholest-5-
en-33-ol, 24-methylcholest-5-en-3p-ol, and 24-ethylcholest-5-en-3(3-
ol, all of which are present in the majority of the microbial mats
examined in this work®. Some sterols detected, such as Sa-cholest-
22E-en-3f-ol and 27-nor-(24S)-methylcholesta-5,22E-dien-33-ol, may
derive from dinoflagellates®*, while others, including the 22-trans-
24-norcholesta-5,22E-dien-33-ol detected in Brack Pond, and 24-
methylcholesta-5,22E-dien-33-ol, have been shown to be produced
by both diatoms and dinoflagellates****, Certain Rhizaria, such as
Cercozoa, have also been shown to produce 24-methylcholesta-
5,22E-dien-3B-ol and (24S)-ethylcholesta-5,22E-dien-3f-ol*>. Other
sterols detected, including (24R)-methyl-5a-cholest-7-en-33-ol,
(24R)-ethyl-5a-cholestan-33-ol and  (24S)-ethyl-5a-cholest-7,22E-
dien-3f-ol, have been detected in microalgae as well**%*, These
potential overlapping sterol sources, including diatoms,
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dinoflagellates, and microalgae (Fig. 6) were all detected during
thel8S rRNA gene surveys of microbial mats from these ponds.

Certain sterols detected, including cholest-5-en-3f3-ol, are com-
monly associated with animals, though they are widely produced by
algae and other organisms®. It is likely that within the microbial mats,
both algae and meiofauna contribute to the cholest-5-en-33-ol abun-
dances demonstrated, which is consistent with the 18S rRNA recovery
of sequences from both groups. Seafloor metazoa and meiofauna may
also contribute to the steroid assemblages as their remnants are dis-
tributed across the undulating ice shelf surface and line the base of
each meltwater pond, and their steroids preserve for longer time
periods in the environment than DNA (Fig. 2).

A mixture of 5a and 50 stanols were recovered in the microbial
mats, possibly reflecting the natural reduction of sterols in a reducing
setting*” as opposed to fecal inputs that might be expected in settings
nearer to sites of human habitation?*. Aged microbial mats, including
the mat collected from the Skua Pond margin and the relict microbial
mat, contained measurable 5B-cholestan-33-ol, while microbial mats
sampled from pond waters did not, suggesting that this molecule may
be generated from the hydrogenation and epimerization of cholest-5-
en-3f-ol, processes active particularly in dried, or decaying mats. A
similar natural diagenetic process may have led to the production of
the (24R)-ethyl-5-cholestan-3f-ol detected in the Skua Pond margin
microbial mat, which is derived from the reduction and subsequent
epimerization of (24S)-ethylcholesta-5,22E-dien-3(3-ol and (24R)-ethyl-
cholest-5-en-33-ol.

Steranes

The most abundant steranes generated by the simulated diagenesis of
the microbial mat sterols corresponded to the C,;, C,g, and Cyo pre-
cursor sterols discussed in Sterols. For example, during catalytic
hydrogenation/hydrogenolysis, the C,y sterols (24S)-ethylcholesta-
5,22E-dien-3f-ol, 24R-ethylcholest-5-en-3B-ol, and (24R)-ethyl-5a-cho-
lestan-3f3-ol all convert to 24-ethylcholestane as their double bonds are
reduced and oxygens lost; these modifications mimic common che-
mical transformations that occur during early diagenesis. However,
small amounts of other steranes, including norsteranes and Cso
4-desmethylsteranes were detected, likely reflecting contributions
from the meltwater communities themselves as well as contributions
from seafloor communities which have been transported to the ice
shelf surface over time (Fig. 2)"

Norsteranes have been detected in a variety of oils and their
source rocks, including the C,¢ 21-, 24- and 27-norcholestanes*’ and the
C,; norsterane 27-nor-24-methylcholestane*’. These molecules are
thought to represent contributions from diatoms and
dinoflagellates®******¢, though some norsteranes have been hypothe-
sised to derive from sponges*’*, Hydrogenation of the microbial mat
sterols in this work resulted in the production of the C,¢ norsteranes,
24-norcholestane and 27-norcholestane, while 21-norcholestane, a
possible product of thermal degradation, was notably absent®. In
addition, a series of compounds that eluted closely following choles-
tane, 24-methylcholestane, and 24-ethylcholestane were observed,
likely representing small quantities of isomers of analogous 27-
norsteranes for C,;, Cyg, and C,o steranes. To eliminate the possibi-
lity that these additional steranes were generated as a byproduct of the
simulated diagenesis conducted on the microbial mats, the hydro-
carbon fraction of the 700-year-old relict microbial mat was also
analysed for its sterane contents. The same norsterane series evident
in the hydrogenated 700-year-old microbial mat was also present in its
free hydrocarbon fraction (Supplementary Fig. 13), which had not been
subjected to hydrogenation after total lipid extraction. Further,
hydrogenation experiments of pure sterol standards have been pre-
viously shown to not generate 27-norsteranes*’, further suggesting
that 27-norsterol precursors are indeed present in the microbial mats.
Given the abundance of microalgal sterols detected in the microbial

mats in this landscape, two of which are precursors molecules to 27-
norsteranes, it is possible that these norsteranes are indicative of small
microalgal or diatom inputs which are undetectable against more
abundant sterols and stanols, though it is possible that some of the 27-
norsterol derived from seafloor life as seafloor sediments line the bases
of the meltwater ponds and are scattered across the undulating ice.
These findings are in line with Moldowan et al.’s* inference that unlike
the primary cholestanes, 24-methylcholestane and 24-ethylcholestane,
which result from a wide variety of precursor molecules, norsteranes
and other less common steranes may be more informative for analyses
that aim to link fossil molecules with their biological precursor
producers®.

In addition to the norsteranes, the C;o 4-desmethylsteranes 24-n-
propylcholestane and 24-isopropylcholestane as well as 4-methylsteranes
were detected in varying abundances across the mats. Precursor mole-
cules to 24-n-propylcholestane, 24-n-propylidene-cholesterol and 24-n-
propylcholesterol, have been detected in a variety of algae, including
chrysophytes and pelagophytes™®" Volkman et al.* generated 24-n-
propylcholestane from the hydrogenation of lipids extracted from a
prasinophyte algae, though its Cso sterol precursor was not detected
during the sterol composition analysis of that organism in that study®.
Since other works have shown the detection of its precursor molecules in
other algae®, it is possible that the precursor sterol was present in the
original algal culture examined but in quantities undetectable by con-
ventional full scan GC-MS methods. Mild catalytic hydrogenation meth-
ods like the ones employed by Volkman et al. in 1994 and in this study
have not been demonstrated to selectively methylate their steroid reac-
tants. In addition to algal sources, foraminifera may also contribute 24-n-
propylcholestane precursors™.

Sterol precursors of the hydrocarbon 24-isopropylcholestane are
commonly attributed to demosponges® and feasibly represent
inputs from demosponges transported to the ice shelf surface. Sponge
remains were ubiquitous on the undulating ice at the time of sampling
and have been identified on the McMurdo Ice Shelf surface for over a
century*® (Fig. 2), having been transported from the seafloor via the
conveyor belt mechanism referenced by Hawes et al. in 2018", and
with many species of Antarctic demosponges having been previously
characterised”’. Recent studies have proposed alternative origins for
24-isopropylcholestane precursors, including bacterial sponge sym-
bionts, pelagophyte algae, and Rhizaria*****°, Others have suggested
generation of 24-isopropylcholestane via the thermally-driven
methylation of C,s algal sterols®®. Such a process is excluded at the
near-freezing to below-freezing temperatures on the surface of the ice
shelf and in the absence of geothermal heating. The ratios of 24-
isopropylcholestane to 24-n-propylcholestane in the dataset vary by 2
orders of magnitude across the samples from which both molecules
were detected after hydrogenation, and in some cases, 24-n-pro-
pylcholestane was absent where 24-isopropylcholestane was present
(Table 3), potentially ruling out an algal source for 24-
isopropylcholestane in the meltwater environments as both mole-
cules would be expected from algal sources. Further, 26-
methylstigmastane was not detected in any hydrogenated microbial
mat lipid extract, eliminating Cercozoa from contention as producers
of the 24-isopropylcholestane precursors. Cercozoa have previously
been described to produce both 24-isopropylcholestane and 26-
methylstigmastane®’. The application of long-read sequencing for 18S
rRNA gene metabarcoding, the characterisation of environmental
genomes of polar aquatic communities, and even ancient DNA ana-
lyses may greatly assist the definitive source assignment of the Cso
4-desmethylsteranes in this environment, though the simultaneous
presence of algae, sponge fragments, and Rhizaria in the environment
may be always confounding.

Further, the clear identification of precursor molecules for these
compounds in sterol fractions may ultimately aid in source-
assignment. However, the complex nature of environmental samples,
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particularly those with such a diverse array of C,; to Cyo steroids,
makes the detection of low-abundance steroids exceedingly difficult
via traditional full-scan gas chromatography-mass spectrometric
methods using nonpolar GC capillary columns. It is possible that the
precursor molecules for the norsteranes as well as the C3o steranes
detected, which must be present in the microbial mat sterol fractions,
co-elute with other more abundant compounds or are present at levels
below the instrumental detection limits during a full scan. However,
once hydrogenated, they are readily detectable via dynamic multiple
reaction monitoring, a technique which affords significant sensitivity
and selectivity advantages compared to full scan mass spectrometry.
Such is the case with the 4-methylsteranes, which were detected at
measurable or trace abundances in all ponds studied via the
414 > 231Da transition during multiple reaction monitoring (as in
Fig. 5). Their precursor molecules are produced by dinoflagellates in
the case of 4a,23,24-trimethylcholestanes and by prymnesiophyte
algae in the case of 24-ethyl-4a-methylcholestanes™ %2, However,
these precursor molecules were similarly not detected within the
sterol fractions analysed prior to hydrogenation except in the case of
Skua Pond (Table 2), though a previous study of microbial mats in this
environment successfully detected 4a,23,24-trimethylcholest-22E-en-
3B-ol and its associated stanol®.

C,7-C,y5-Cyo sterane ternary analysis of the steranes generated by
the simulated diagenesis of the microbial mat sterols (Fig. 4) reveals a
distribution largely consistent with open marine and estuarine/bay
ecosystems®. This distribution of steranes synthesised from Bratina
microbial mat sterols contrasts with sterane distributions of Neo-
proterozoic and early Cambrian marine samples from around the
globe, which cluster near the C,; or C,9 endmembers during ternary
analysis*”**°°, However, there is noticeable similarity between the
central placement of the steranes generated from meltwater pond
microbial mats and the distribution of steranes recovered from
Phanerozoic sediments and oils**. The dominance of C,; or Cy
steranes observed in most of the mats aligns closely with sterane
distributions previously reported for Quaternary-aged sediments
collected from the western Ross Sea®, though in two ponds, Brack
and Salt, the major sterane contained 28 carbon atoms. While most
of the mats were collected from ponds with conductivities which
correspond to freshwater or mildly saline environments, ponds
Brack and Salt had conductivities of 6690 and 28,400 pS/cm,
respectively (Table 1). While these values are still lower than those
measured in seawaters, they may be associated with a greater
abundance of C,g sterol producers as demonstrated by sterane PCA
analysis (Fig. 7). The sterane distributions align with previous
research which suggested salinity as an abiotic factor influencing
community composition in these environments, although that rela-
tionship was only demonstrable for prokaryotes?>?. Given the asso-
ciation observed between C,g steroid abundances and conductivity,
it may be possible to make inferences about the conductivities of
now-dry ponds from the hydrocarbon distributions of their relict
microbial mats. The decaying microbial mat from Skua Pond, which
was collected from the dry pond margin and therefore may represent
a precursor relict mat, plotted among the other ponds with low
conductivities (Fig. 4). The conductivity of the pond from which it
derived was 1920 uS/cm, a number considerably lower than those
measured in the ponds with higher proportions of C,g steranes. The
700-year-old relict microbial mat similarly plotted among mats with
low conductivities, suggesting that it may have once grown within a
freshwater or slightly saline pond.

Supraglacial meltwater oases as Cryogenian refugia

The detailed characterisation of the eukaryotic assemblages of
supraglacial meltwater ponds is a prerequisite for their continued
candidacy as possible Cryogenian eukaryotic refugia. In order to
explain the ensuing expansion of eukaryotic and multicellular life in

the Ediacaran as evidenced by the fossil record and molecular clock
analyses®*®, Cryogenian refugia would have needed to support suffi-
cient eukaryotic diversity; this is consistent with an emerging con-
sensus that global glaciations did not impose an evolutionary
bottleneck on eukaryotic life™".

The complementary application of 18S rRNA gene and sterol
biomarker analyses revealed that microbial mats in supraglacial melt-
water ponds are capable of supporting diverse eukaryotic assem-
blages. While 18S rRNA gene analysis provided information about
living eukaryotic communities, sterol and sterane analysis enabled the
assessment of the activities of current and former eukaryotic com-
munities as well as of marine eukaryotic communities beneath the ice
shelf whose remnants have accumulated atop the McMurdo Ice Shelf.
A considerable proportion of the eukaryotic communities in the
meltwater ponds was categorised as Archaeplastida and SAR through
18S rRNA gene surveys, consistent with the recovery of a diverse
assortment of sterols commonly attributed to members of these
groups. However, the abundance of uncategorisable eukaryotes, either
due to methodological limitations or the lack of characterised refer-
ence genomes, potentially complicates analyses which attempt to
examine physicochemical controls on 18S rRNA gene derived eukar-
yotic community compositions. Sterol and sterane assemblages can
broadly describe eukaryotic communities in the absence of genetic
data and revealed that eukaryotic assemblages in this environment
vary with pond conductivity.

Many of the eukaryotic groups present in the microbial mats may
have emerged prior to the onset of Cryogenian glaciation events
according to molecular clock and fossil evidence. Fossil-calibrated
molecular clocks indicate that major eukaryotic clades, including SAR,
Excavata, Amoebozoa, and Opisthokonta diverged before 1000 Ma®.
Archaeplastida, a constituent of all the microbial mats examined by 18S
rRNA gene analysis, diversified significantly following the termination of
the Sturtian glaciation, as evidenced by the Neoproterozoic sterane
record®. Sterane biomarkers prior to the Sturtian are primarily com-
prised of cholestane attributed to red algae, while C,o steranes, more
commonly associated with green algae, appeared before the initiation of
the Marinoan glaciation®, though it is possible that additional extinct
Neoproterozoic clades may have also contributed to the steranes
recovered. The SAR group eukaryotes present in the pond microbial
mats, including diatoms, dinoflagellates, and Cercozoa, diversified in the
Mesozoic according to fossil and biomarker evidence®, and therefore
would have been unlikely to have been major constituents of supra-
glacial Cryogenian eukaryotic assemblages. While the modern eukar-
yotic assemblages in the microbial mats in this study do not closely
resemble pre-Cryogenian eukaryotic communities, their constituents
support the hypothesis that these types of environments would have
been capable of supporting diverse eukaryotic communities during the
Cryogenian.

Methods

Study site

During the austral summer, cyanobacterial mats perennially grow in
the meltwater ponds of the debris-covered ‘Dirty Ice’ located between
Antarctica’s Bratina Island (78°00'27“S, 165°33'10“E) and the north tip
of Brown Peninsula (78°02'01“S, 165°31'46“E) (Fig. 1). Known as the
undulating ice, the landscape is shaped by the slow compression of ice
against Bratina Island and is part of the McMurdo Ice Shelf’s ablation
zone'®’*”", Dark-coloured moraine and seafloor debris cover most of
the ice surface; previous measurements have estimated sediment
heights from the surface of the ice to range from upwards of 10 cm to
30 cmin some places'®”*’%, For a few weeks each year, meltwater ponds
with various physicochemistries unfreeze atop the ice shelf, their
floors lined with multi-annual cyanobacteria-dominated benthic
microbial mat communities with stable community compositions
(Flg 23)16,18,72776.
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Atop the ‘Dirty Ice,’ together with the photosynthetically active
microbial mats, relict microbial mats from dried ponds are scattered
throughout the region (Fig. 2b)*”7, as are marine debris, which are
transported to the ice shelf surface from the seafloor via a combination
of basal freezing and surface ablation, i.e., the conveyor belt
mechanism detailed and supported by Hawes et al. in 2018 (Fig. 2c, d)
and first formally suggested by Frank Debenham nearly a century
earlier*. In addition to the marine debris pictured in Fig. 2, corals,
shells, sponge spicules, frozen fish, and fragments of various marine
invertebrates have been observed on the ice since the site’s first
characterisations in the early twentieth century, beginning with those
made during the Discovery expedition®®’*’”°, Located southwest of
Bratina Island is the Bratina Lagoon (78°00 ‘56“S, 165°29’ 51“E). The
tidal lagoon sits at the margins of the McMurdo Ice Shelf and Bratina
Island and Brown Peninsula landmass, and it is flushed once-daily
through a tide crack'>'**°, Hawes et al.*® measured a low conductivity
of the tidal waters, indicating a meltwater, rather than seawater origin.
Microbial mats line the lagoon shoreline as well*°.

Sample collection

Sixteen microbial mat samples were collected from the study area in
January 2018 using clean stainless steel spatulas”?. Portions of the
samples were frozen and stored in sterile tubes for rRNA analysis and
in pre-combusted glass jars for lipid biomarker analysis®*’. Thirteen of
the mats considered for this work were collected from active melt-
water ponds, and two decaying microbial mat samples were collected
from the margins of Skua Pond and the Bratina Lagoon. One desic-
cated relict mat was collected from a mound of dried mats located
between Fresh and Brack ponds; its age was determined to be ca. 700
years old via radiocarbon dating at the National Ocean Sciences
Accelerator Mass Spectrometry Facility as reported by Drozd et al. in
2023%. At the time of collection, pH, temperature, and conductivity
measurements were taken for some pond environments”. A summary
of the samples and data collected are detailed in Table 1.

Sterol analysis

Sterol analysis was conducted on the same lipid extracts analysed by
Evans et al.”’; four additional samples were added to the sample set in
this work, including the relict microbial mat, the lagoon microbial mat,
as well as those from ponds Roger and AMS. Total lipids were manually
extracted from the four samples as well as from microbial mat frag-
ments from the original set of ponds via ultrasonication ahead of
catalytic hydrogenation to convert mat sterols to their sterane
hydrocarbon counterparts. Due to a lack of remaining biomass, total
lipid extracts were not collected from ponds New or Fogghorne and so
they are not included in the sterane analysis. Homogenised mat pow-
ders were mixed with dichloromethane and methanol (9:1 vol/vol) in
ashed glass vials and sonicated for 20 min; extracted lipids were
pipetted into a clean glass vial and the procedure was repeated a total
of three times. A fourth extraction was conducted with acetone and
methanol (7:2 vol/vol) to collect any remaining polar lipids from the
microbial mat samples. The collected lipid extracts were concentrated
under a gentle stream of N,.

The total lipid extracts from the 14 samples were reacted with
0.5M HCI in methanol at 60°C for 16 h; following dilution in
18.2 MQ-cm H,0, organic compounds were extracted with hexane and
dichloromethane (4:1 vol/vol) until the organic layer appeared col-
ourless. The extracted organic compounds were concentrated under a
gentle stream of N, before column separation into three fractions. An
aliquot of the acid hydrolysed TLE was loaded onto a short column
containing deactivated silica gel (2% H,O total weight) and its fractions
were eluted with 2 dead volumes (DV) of hexane, 3 DV hexane and
dichloromethane (1:1 vol/vol), 3 DV dichloromethane and methanol
(4:1 vol/vol), and 2 DV washes with pure methanol to elute any
remaining polar columns from the gel. The sterols eluted in the

dichloromethane and methanol fraction; the resulting polar fraction
was concentrated under a gentle stream of N,.

An aliquot of the sterol-containing fractions from both sample
sets was reacted with pyridine and N,O-Bis(trimethylsilyl)tri-
fluoroacetamide (1:1 vol/vol) for 30 min at 70 °C to produce sterol
trimethylsilyl ethers after the addition of a cholest-5-en-3B-0l(*H5)
standard. The sterol fractions of Evans et al.” were spiked with 1000 ng
of a 10 ng/uL cholest-5-en-33-0l(*H;) standard solution, corresponding
to 10 ng/uL injected, while the sterol fractions of the additional four
samples were spiked with cholest-5-en-3B-0l(*H;) to correspond to
2.5 ng/uL injected.

The resulting sterol trimethylsilyl ethers were analysed on an
Agilent 7890A GC System equipped with an Agilent J&W DB-5MS fused
silica capillary column (60 m x 250 um x 0.25 pm) coupled to an Agi-
lent 5975C Inert XL MSD with Triple-Axis Detector. Samples were run in
full-scan mode (scanning masses 50 to 700 Da) using the following
parameters: inject splitless on a split/splitless inlet at 300 °C and hold
for 2 min, after another 2 min ramp oven from 60 °C to 315 °C at 3.5 °C/
min and hold for 30.8 min. The flow rate of helium through the column
was 1 mL/min and constant flow was achieved throughout the run. The
5975C Inert EI 350 source was held at 250 °C and its electron energy
was set to 70 eV; the quadrupole was held at 150 °C. Masses were
scanned from 50 to 700 Da and results were analysed using Agilent
MassHunter Qualitative Analysis Navigator B.08.00. Relative response
factors for detected compounds were calculated against the known
quantity of cholest-5-en-3B-0l(*H,) standard within each sample, and
blanks were run in between samples to monitor instrumental back-
ground and baseline conditions. Whenever possible, samples were run
against authentic sterol standards for retention time and mass spectral
matches. For the sterols with no commercially available standards for
comparison, mass spectra were analysed and primarily matched
against those described by Gillan in 1981%, against spectra compiled by
NIST, and against the reference spectra database on William H.
Christie’s TheLipidWeb.

Sterane analysis

Aliquots of the sterol-containing fractions from the 14 microbial mats
extracted in this work were subjected to simulated diagenesis to yield
their sterane hydrocarbon counterparts. The conversion of sterols and
stanols to steranes by catalytic hydrogenation/hydrogenolysis bypas-
ses natural sterol diagenesis pathways which can result in the forma-
tion of sterenes, diasterenes, diasteranes. Hydrogenation/
hydrogenolysis was conducted on the sterol-containing fraction using
Adams’ catalyst (PtO,). Following addition of the catalyst, the lipid
fraction was suspended in hexane; hydrogen gas was gently bubbled
into the solvent-sample mixture while it was stirred with a magnetic stir
bar for a total of 3 hours. Post-hydrogenation, the solvent-sample
mixture was filtered over activated silica gel and separated into frac-
tions. The nonpolar, sterane hydrocarbon-containing fraction was
eluted using 2 DV hexane, while the polar fraction was eluted using 2
DV of hexane and dichloromethane (1:1 vol/vol) and 2 DV dichlor-
omethane and methanol (4:1 vol/vol). Both fractions were con-
centrated under a gentle stream of N,. The nonpolar, sterane-
containing fraction was resuspended in hexane for analysis.

The resulting steranes were analysed on an Agilent 7890B GC
System equipped with an Agilent J&W DB5-MS fused silica capillary
column (59.9 m x 250 pm x 0.25 pm) coupled to an Agilent 7010 GC/
MS Triple Quad. Samples were run in dynamic multiple reaction
monitoring (AIMRM) mode using the following parameters: inject
splitless in a multimode inlet at 60 °C and hold for 0.01 min before
ramping to 340 °C at 700 °C/min. The oven was ramped from 60 °C to
220 °C at 8 °C/min before being ramped to 325 °C at 2 °C/min and held
for 30.5 min. The flow rate of helium through the column was 1.2 mL/
min and constant flow was achieved throughout the run. The 7010
High Efficiency source was held at 270 °C and its electron energy was
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set to 70 eV; quadrupoles 1 and 2 were held at 150 °C. Transitions were
viewed and analysed using Agilent MassHunter Qualitative Analysis
Navigator B.08.00. The following transitions were targeted for sterane
analysis: 358.3 > 217.2 for Cye-steranes, 372.3 > 217.2 for C,,-steranes,
386.3>217.2 for C,g-steranes, 400.4->217.2 for C,o-Steranes,
414.4 - 217.2 for Cso-steranes, 414.4 > 231.2 for methylated Czo-ster-
anes, and 428.4 > 217.2 for Cs;-steranes. Samples were run alongside
aliquots of the Baghewala-A oil from the late Neoproterozoic-early
Cambrian Marwar Supergroup® and of KG-8 from the Miocene-age
Monterey formation® to aid in peak identification for C,¢ steranes and
Cso-steranes, as well as blanks to monitor instrument background and
baseline conditions.

Select samples were also run on the same instrument in product
ion mode to capture the principal fragment ions of specific sterane
peaks to differentiate 4-methylsteranes from 24-n-propylcholestane
and 24-isopropylcholestane. Scan segment times were determined
based on elution times of corresponding dMRM runs. Chromato-
graphic conditions were identical to those in the dMRM run; the 7010
High Efficiency source was held at 270 °C and its electron energy was
set to 70 eV; the quadrupoles 1 and 2 were held at 150 °C. Masses were
scanned from 55 to 600 Da; the collision energy for the scan segments
was set to 10 eV. Results were analysed using Agilent MassHunter
Qualitative Analysis Navigator B.08.00.

18S rRNA gene analysis

18S rRNA gene sequencing data and sequence analysis was conducted
on subsample fragments of the microbial mats as previously detailed
in Evans et al.”". In brief, DNA was extracted from the mats using a MO
BIO Laboratories PowerBiofilm DNA Isolation Kit and amplified using
polymerase chain reaction. The V9 hypervariable regions of the 18S
rRNA genes were amplified using the universal forward primer 1391F
(5-GTACACACCGCCCGTC-3") and the eukaryotic reverse primer
EukBR (5-TGATCCTTCTGCAGGTTCACCTAC-3') containing Illumina
MiSeq sequencing adaptors® ¢, Following purification with Axygen
AxyPrep MAG PCR Clean-up Kits, samples were sequenced on an lllu-
mina MiSeq system at the Natural History Museum’s sequencing
facility in the United Kingdom. The resulting 18S rRNA gene amplicon
libraries from the mats were deposited with accession PRINA758785 in
the Sequence Read Archive. The raw 18S rRNA gene sequences from
the mats were processed with the QIIME 2 microbiome bioinformatics
platform (version 2019.4)*". Reads were quality filtered and merged,
and the DADA?2 pipeline was used to denoise and produce amplicon
sequence variants (ASVs) using the default settings®. Taxonomy was
assigned to ASVs with the sklearn-based taxonomy classifier using the
SILVA 132 SSURef NR99 database®”°. To enable comparisons across
different ponds, datasets for all samples were rarefied to 25,000 reads
using default QIMME 2 settings which randomly subsample sequences
from each sample. The rarefied data for the ponds are included in the
Source Data file.

Principal component analysis

To identify potential patterns or correlations within the data, principal
component analysis was conducted. Cy4-C30 sterane and 18S rRNA
gene data were applied as variables, and pond measurements were
overlaid on individual pond principal component scores to determine
whether the measured environmental parameters exerted any controls
on the distributions of principal component scores. Samples with
missing pond measurements, sterane, or 18S rRNA gene data were
excluded from the analysis. Analyses were conducted in GraphPad
Prism 10.4.1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The 18S rRNA gene amplicon libraries from the mats have been
deposited in the Sequence Read Archive under accession code
PRJNA758785. Source data for the 18S rRNA analyses are provided in
the Source Data file. The sterol and sterane biomarker data from the
mats have been deposited in the NASA Astrobiology Habitable Envir-
onment Database Data Repository under accession code 5m63-
qqg45. Source data are provided with this paper.
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