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Endometabolic profiling of pigmented glacier ice algae – the impact of sample processing
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Metabolomics extraction protocol
We extracted GIA samples for metabolomics analysis using a combination of ball milling and freeze-thaw cycles to achieve cell lysis followed by a sequential biphasic solvent extraction based on Sostare et al. (2018) which was optimized for metabolite recovery from GIA. In addition to the protocol provided in the main manuscript a detailed protocol for adaption is provided in the following.
To limit degradation of light and oxidation sensitive metabolites (primarily carotenoids) all work was performed with dimmed lights and on ice and sample tubes were filled with N2 prior to storage of dried extracts. All solvents used were UPLC-grade.
	1. 
	Preparation of initial extraction solvent
In a 100 ml Schott Bottle combine:
· 16 ml methanol
· CIL Metabolomics QC Mix 1 reconstituted in 1 ml of 50 % MeOH
· CIL Metabolomics QC Mix 2 reconstituted in 1 ml of 50 % MeOH
· 57 ml MTBE
· 75 mg BHT
CIL standards are reconstituted by adding each 500 µl of MilliQ H2O and MeOH each to the vial, vortex mixing and ultrasonication. Subsequently pipette CIL mix into the extraction mix and rinse CIL standard vials several times with the extraction mix. The final concentration of internal standards will be 0.06 µg/mL. Mix and pre-cool the solution at -20 °C.

	2. 
	Add two MeOH-cleaned stainless steel milling balls to each sample tube

	3. 
	Add 1 ml extraction solvent at-15 °C, vortex

	4. 
	Flash freeze sample tubes in liquid nitrogen for 10 s, followed by 2 min milling in the pre-cooled (-20 °C) sample holder at 30 Hz (MM400, Retsch).
Complete with a final cycle of freeze-thawing followed by 20 min milling.

	5. 
	Repeat flash freezing and milling twice, with the last milling extended to 10 min.

	6. 
	Ultrasonicate samples ice-cooled for 15 min (S40 H, Elmasonic)

	7. 
	Add 500 µl of 25 % MeOH and shake in ball mill for 2 min at 30 Hz to assist phase exchange

	8. 
	Incubate for 10 min on ice and vortex in between

	9. 
	Centrifuge (5 min, 14.500 rpm, miniSpin plus, Eppendorf) to assist phase separation and sediment cell debris

	10. 
	Transfer 700 µl of the upper, organic phase to a fresh 2 mL microcentrifuge tube without disturbing the phase interface

	11. 
	Add 500 µl MTBE to re-extract

	12. 
	Shake in ball mill for 2 min

	13. 
	Incubate on ice for 10 min and vortex in between

	14. 
	Centrifuge (5 min, 14.500 rpm)

	15. 
	Transfer 600 µl of the upper organic phase to the microcentrifuge containing the previously removed MTBE extract

	16. 
	Add 500 µl MTBE to re-extract and repeat steps 12-15

	17. 
	Transfer 300 µl of the polar extract (lower phase) into a 15 ml centrifuge tube, without disturbing the sample pellet. The extract is very dark at this stage which is why only a low volume is removed in the first step to avoid disturbing the pellet in low visibility. If the sample pellet is disturbed in the process, re-centrifuge before taking the polar phase. 

	18. 
	Add 800 µl 25 % MeOH to re-extract

	19. 
	Ultrasonicate ice-cooled for 10 min

	20. 
	Centrifuge (5 min, 14.500 rpm)

	21. 
	Transfer 800 µl of the polar extract into the same falcon tube combining with the previous polar extract 

	22. 
	Add 800 µl MilliQ water to re-extract

	23. 
	Vortex (30s), incubate on ice for 10 min, vortex in between if sample settles

	24. 
	Centrifuge (5 min, 14.500 rpm)

	25. 
	Transfer 800 µl of the polar extract into the same falcon tube combining with the previous polar extract 

	26. 
	Re-extract twice more with 800 µl MilliQ water following steps 22-25

	27. 
	Centrifuge polar and non-polar extracts (5 min, 14.500 rpm)

	28. 
	Transfer 1 ml aliquots of the polar extract and 600 µl aliquots of the MTBE extract into 1.5 ml microcentrifuge tubes, dry (30 °C, 1200 rpm, 8 mbar, RVC 2-25 CDplus, Christ), fill headspace with nitrogen gas and store at -80 °C until analysis. 




Cell counts and morphotype classification via FlowCam analysis
Cell numbers were determined using a FlowCam 5000 particle analyser (Yokowaga Fluid Imaging Technologies) equipped with a 10x objective, using the associated Visual Spreadsheet 5 software. Samples were run at a flow rate of 250 µl/min. The acquired particle images were captured using a pixel threshold of 15 for both white and dark pixels, nearest neighbor distance of 0.1 µm, and close hole iterations of 5. Particles were classified as filamentous and unicellular GIA, as well as snow algae, based on libraries containing 15-35 reference images of particles, originating from the analyzed sample run. Automated particle classification was complemented by manual inspection of images. Figure 1 shows representative images of particle classes, covering the range of appearance of GIA and snow algae. Value filters for geodesic length, geodesic thickness, and geodesic aspect ratio were applied to bin filamentous GIA. 
To calculate the number of individual GIA cells in filaments, first an average of GIA cell length was obtained by measuring the length and width of 250-500 individual filamentous GIA cells per sample run in ImageJ. The geodesic length values of full GIA filaments obtained from Visual Spreadsheet were then divided by the average length of individual GIA cells to calculate the total number of cells in filaments. We used the approach of Williamson et al. (2018) for cell volume calculation of GIA based on a cylindrical model (Hillebrand et al. 1999), using cell diameter and cell height measurements obtained in ImageJ on GIA FlowCam images. Carbon content was then calculated using the cell volume to carbon content ratio of Montagnes et al. (1994). 
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[bookmark: _GoBack]Figure 1: Particle classification from FlowCam analysis. White numbers below images correspond with geodetic length in µm. Purple numbers indicate individually counted cells in filaments. a) unicellular and filamentous GIA, b) 3-celled-filament with clear partitioning wall and potential plastids marking individual cells, the white outline applied by Visual Spreadsheet in the middle picture shows good image focus, c) snow algae cells
2

Table 1: FlowCam analysis results and sample dry weight for metabolomics extraction
	Sample
	Extracted dry weight, metabolomics [mg]
	GIA in filaments
[mL-1]
	Unicellular GIA 
[mL-1]
	Snow algae 
[mL-1]
	GIA cell volume [µm3]
	GIA Biomass [µgC/mL]

	WB10C-1
	45
	36468
	40
	130
	2096
	8

	WB10C-2
	26
	23870
	26
	80
	2316
	6

	WB10C-3
	31
	24827
	17
	114
	2070
	5

	WB15C-1
	31
	48648
	54
	195
	2116
	11

	WB15C-2
	36
	37338
	57
	153
	2313
	9

	WB15C-3
	42
	32350
	90
	88
	1882
	6

	WB15C-4
	35
	53793
	61
	170
	1935
	11

	WB20C-1
	29
	52087
	70
	199
	2464
	13

	WB20C-2
	25
	56011
	44
	144
	2124
	12

	WB20C-3
	39
	36137
	26
	127
	1975
	7

	WB20C-4
	25
	32563
	20
	70
	2046
	7

	AM25h-1
	38
	45827
	63
	328
	2333
	11

	AM25h-2
	32
	38013
	45
	144
	2245
	9

	AM25h-3
	41
	42807
	41
	165
	1912
	9

	AM25h-4
	44
	42470
	55
	162
	1829
	8

	AM29h-1
	37
	33678
	87
	214
	2402
	8

	AM29h-2
	32
	22219
	57
	67
	1958
	5

	AM29h-3
	32
	37345
	62
	125
	2045
	8

	AM29h-4
	35
	30679
	47
	101
	2530
	8

	AM42h-1
	28
	38411
	68
	164
	2121
	8

	AM42h-2
	29
	25109
	29
	47
	1737
	5

	AM42h-3
	86
	28068
	52
	95
	2016
	6

	AM42h-4
	63
	57538
	64
	172
	2265
	14

	AM49h-1
	38
	35886
	28
	64
	2432
	9

	AM49h-2
	21
	28115
	28
	44
	2075
	6

	AM49h-3
	53
	47412
	58
	98
	2146
	11

	Average
	37
	37987±9981
	51±19
	133±61
	2130±202
	8±0.2




Microbial diversity
Following DNA extraction, DNA concentration in the extract was measured on a Qubit 3.0 (Invitrogen, Eugene, Oregon, US) with the broad-range dsDNA kit (Invitrogen). Extracted DNA was amplified with prokaryotic primers for the 16S rRNA gene Bakt_341F (CCTACGGGNGGCWGCAG) and Bakt_805R (GACTACHVGGGTATCTAATCC) (Herlemann et al. 2011), eukaryotic primers for the 18S rRNA gene using 528F (5’- GCGGTAATTCCAGCTCCAA-3‘) and 706R (5’-AATCCRAGAATTTCACCTCT-3‘) (Cheung et al. 2010), and the internal transcribed spacer 2 (ITS2 snow) gene primers 5.8SbF (5′-GATGAAGAACGCAGCG-3′; (Mikhailyuk et al. 2008)) and ITS4R (5′-TCCTCCGCTTATTGATATGC-3′; (White et al. 1990)) and the ITS2 ice primers 5.8SbF (5’ - CGATGAAGAACGCAGCG-3’) and LSULP (5’ – AATTCGGCGGGTGGTCTTG – 3’) (Remias et al. 2023). The first PCRs contained 12.5 μL of 2x PCRBIO Ultra Mix (PCR Biosystems), 0.5 μL of forward and reverse primer from a 10 μM stock, 0.5 μL of bovine serum albumin (BSA) to a final concentration of 0.025 mg/mL, 0.6 μL of sterile water and 5 μL of template. Conditions were as follows: at 95 ˚C for 2 min, followed by 38 cycles of 95 ˚C for 15 sec, 55 ˚C for 15 sec, 72 ˚C for 40 sec, with a final extension performed at 72 ˚C for 4 min. An electrophoresis 1% agarose gel was run with all the PCR products before proceeding to the second PCR. PCR bands were purified from the gel, and samples were subsequently indexed in a second PCR. 5 µl of product from the purified PCR was used as template to add indexes and sequencing adaptors in a reaction consisting of 12.5 μl of 2x PCRBIO Ultra Mix (PCR Biosystems), 2 μl of each index primer (P5/P7), and DNase free water to a final volume of 28 µl. For the second PCR, conditions were as follows, pre-incubation at 98 °C for 1 min, followed by 13 cycles of 98 °C for 10 sec, 55 °C for 20 sec, and 72 °C for 40 sec, and ending with a final step at 72 °C for 5 min. The final PCR products were purified with 15 µl HighPrep PCR magnetic beads (MagBio Genomics Inc. Gaithersburg, Maryland, US) according to the manufacturer's instructions and eluted in 27 µl TE buffer. Aliquots of the PCR products were run on a 1.5% agarose gel and checked under UV light. Concentrations of the amplified and purified DNA samples were re-measured on the Qubit 2.0 fluorometer (Invitrogen, Eugene, Oregon, US). Subsequently, the sample was equimolarly pooled, and this final library was sequenced on an Illumina MiSeq using the V2 kit (Illumina Inc. SanDiego, California, US) resulting in 2×250 bp reads. Extraction, amplification and sequencing controls have been performed at each step to ensure the reliability of the sample treatment and control for potential contamination.
The raw sequencing data from all four targeted marker genes (16S rRNA, 18S rRNA, ITS2 snow rRNA and ITS2 ice rRNA) were pre-processed using the DADA2 (vers 1.16) R (4.2.2) package (Callahan et al. 2016) for primer, non-target length sequences and chimera removal, and reads merging. Sequences tables were merged and taxonomy was assigned for 16S and 18S rRNA gene sequences using the SILVA v138 database, while ITS2 snow and ITS2 ice gene sequences were assigned using the UNITE database (Nilsson et al. 2019, version 9). The dominant 18S ASVs which were not assigned at the Order level at this step were blasted by hand. Taxa which were not assigned at the genus level were marked as belonging to the upper taxonomic rank to be considered using the function tax_fix() from the package microViz (Barnett et al. 2021) (0.10.8). An additional filtering step was performed to remove singletons before the analysis. Data was assembled and processed under the form of a Phyloseq (McMurdie and Holmes 2013) (vers. 1.42.0) object. After control of our dataset, blanks were excluded. Taxonomic ranks which were left non-assigned were assigned to the superior known taxonomic rank using the tax_fix() function (Barnett et al. 2021).
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Figure 3: Relative abundance plots showing the prokaryotic microbial community composition based on 16S DNA amplicon sequencing by phylum (left) and genus (right).
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Figure 4: Relative abundance plots showing the eukaryotic microbial community composition based on 18S DNA amplicon sequencing by phylum (left) and genus (right).
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Figure 5: Relative abundance plots showing the fungal microbial community composition based on ITS-2 ice DNA amplicon sequencing by phylum (left) and genus (right).
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Figure 6: Relative abundance plots showing the fungal microbial community composition based on ITS-2 snow DNA amplicon sequencing by phylum (left) and genus (right).
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