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Table S1 Metagenomic Raw Sequence Statistics
	Samples
	Insert Size (bp)
	Raw reads
	Raw base (bp)

	GS1
	500
	162740574
	24573826674

	GS3
	500
	162933912
	24603020712

	GS4
	500
	174942254
	26416280354

	GS5
	500
	161701666
	24416951566

	GS7
	500
	152279198
	22994158898

	GS8
	500
	168376326
	25424825226

	GS9
	500
	168759408
	25482670608

	RS1
	500
	157649016
	23805001416

	RS2
	500
	152998038
	23102703738

	RS3
	500
	157713020
	23814666020

	RS4
	500
	155021582
	23408258882

	RS5
	500
	171400976
	25881547376

	RS6
	500
	151190322
	22829738622


Table S2 Quality-Controlled Sequencing Data Statistics
	Samples
	Clean reads
	Clean base (bp)
	Percent in raw reads (%)
	Percent in raw bases (%)

	GS1
	160210086
	24070557169
	98.44508
	97.95201

	GS3
	161688238
	24260113758
	99.23547
	98.60624

	GS4
	172869370
	25982083084
	98.8151
	98.35633

	GS5
	158880608
	23871708598
	98.25539
	97.76695

	GS7
	148979836
	22381421823
	97.83335
	97.33525

	GS8
	166238050
	25034866913
	98.73006
	98.46623

	GS9
	167346854
	25232560661
	99.16298
	99.01851

	RS1
	154521518
	23076132177
	98.01616
	96.93817

	RS2
	147790886
	22086031179
	96.59659
	95.59934

	RS3
	152634664
	22906818621
	96.78
	96.18786

	RS4
	152342776
	22836347903
	98.27198
	97.5568

	RS5
	169705382
	25572622788
	99.01074
	98.80639

	RS6
	149048214
	22432031501
	98.58317
	98.25794


Table S3 Assembly Results Statistics Table
	Samples
	Contigs
	Contigs bases(bp)
	N50(bp)
	N90(bp)
	Max(bp)
	Min(bp)

	GS1
	579578
	749026631
	1524
	598
	124563
	500

	GS3
	391826
	519358869
	1582
	597
	1123695
	500

	GS4
	657156
	809186685
	1403
	588
	354439
	500

	GS5
	605327
	741675295
	1400
	582
	250784
	500

	GS7
	739614
	972552753
	1624
	596
	140137
	500

	GS8
	424927
	581917194
	1710
	605
	345934
	500

	GS9
	362309
	459238267
	1464
	595
	238644
	500

	RS1
	420667
	618217416
	2119
	609
	377068
	500

	RS2
	573658
	720098102
	1443
	585
	580878
	500

	RS3
	559226
	699585160
	1421
	589
	816819
	500

	RS4
	823601
	920840067
	1200
	581
	234887
	500

	RS5
	196291
	275758828
	1908
	589
	217195
	500

	RS6
	283314
	319844862
	1189
	561
	269353
	500


Table S4 Gene Prediction Results Statistics
	Samples
	ORFs
	Total Length(bp)
	Average Length(bp)
	Max(bp)
	Min(bp)

	GS1
	938662
	489625500
	521.62
	16290
	150

	GS3
	640006
	408709107
	638.6
	31272
	150

	GS4
	1044784
	568772595
	544.39
	31128
	150

	GS5
	946719
	558871452
	590.32
	34674
	150

	GS7
	1192760
	580821492
	486.96
	26010
	150

	GS8
	766346
	499516320
	651.82
	19296
	150

	GS9
	617749
	392817780
	635.89
	19764
	150

	RS1
	680635
	317678046
	466.74
	32523
	150

	RS2
	834451
	462166272
	553.86
	38874
	150

	RS3
	800424
	461105553
	576.08
	37110
	150

	RS4
	1070261
	501607710
	468.68
	12084
	150

	RS5
	336933
	219072138
	650.19
	34674
	150

	RS6
	379615
	210485253
	554.47
	34674
	150


Table S5 The genetic potential for each pathway in the carbon, nitrogen, phosphorus and sulfur cycles in green and red snow was estimated using a combination of normalized marker genes.
	
	Pathway
	KO
	Genes
	Relative abundance (%)

	Carbon Cycle
	Anaerobic C fixation
(K00174+K00175+K00244+ K01648)/4+(K00194+K00197)/2
	K00174
	2-oxoglutarate: ferredoxin oxidoreductase subunit alpha
	GS: 4.562
RS: 3.525

	
	
	K00175
	2-oxoglutarate: ferredoxin oxidoreductase subunit beta
	

	
	
	K00244
	frdA; fumarate reductase flavoprotein subunit
	

	
	
	K01648
	adenosinetriphosphate (ATP) citrate lyase
	

	
	
	K00194
	CO dehydrogenase subunit delta
	

	
	
	K00197
	CO dehydrogenase subunit gamma
	

	
	Aerobic C fixation
(K00855+K01602)/2
	K00855
	phosphoribulokinase
	GS: 7.782
RS: 4.159

	
	
	K01602
	RuBisCO small chain
	

	
	Aerobic respiration
(K02256+K02262)/2+(K02274+K02276)/2
	K02256
	cytochrome c oxidase subunit I (coxI)
	GS: 73.363
RS: 85.581

	
	
	K02262
	cytochrome c oxidase subunit III (cox III)
	

	
	
	K02274
	cytochrome c oxidase subunit I (coxA)
	

	
	
	K02276
	cytochrome c oxidase subunit III (coxC)
	

	
	CO oxidation
(K03518+K03519+K03520)/3
	K03518
	CO dehydrogenase small subunit (coxS)
	GS: 11.134
RS: 5.750

	
	
	K03519
	cutM, coxM; carbon-monoxide dehydrogenase medium subunit
	

	
	
	K03520
	cutL, coxL; carbon-monoxide dehydrogenase large subunit
	

	
	Fermentation
K00016 + (K00169 + K00170)/2
	K00016
	L-lactate dehydrogenase
	GS: 3.158
RS: 0.986

	
	
	K00169
	pyruvate: ferredoxin oxidoreductase alpha subunit
	

	
	
	K00170
	pyruvate: ferredoxin oxidoreductase beta subunit
	

	
	Aerobic CH4 oxidation
	K08684
	methane monooxygenase
	GS: 0.00
RS: 0.00

	
	Methanogenesis
(K00400+K00401)/2
	K00400
	coenzyme M methyl reductase beta subunit (mcrB)
	GS: 0.00
RS: 0.00

	
	
	K00401
	methyl coenzyme M reductase system, component A2
	

	Nitrogen Cycle
	Ammonification
K05904+K03385
	K03385
	formate-dependent nitrite reductase periplasmic cytochrome c552 (nrfA)
	GS: 0.093
RS: 0.102

	
	
	K05904
	cytochrome c nitrite reductase (nrfA)
	

	
	Anammox (SRAO)
	K10535
	hydroxylamine oxidoreductase/hydrazine oxidoreducatse (hao/hzo)
	GS: 0.002
RS: 0.064

	
	Denitrification
(K02305+K04561+K00376)/3
	K00376
	nitrous oxide reductase (nosZ)
	GS: 2.762
RS: 0.836

	
	
	K02305
	nitric-oxide reductase (norC)
	

	
	
	K04561
	nitric-oxide reductase (norB)
	

	
	Nitrate reduction + Nitrite oxidation
(K00370+K00371)/2
	K00370
	nitrate reductase alpha & nitrite oxidoreductase (narG/nxrA)
	GS: 6.009 
RS: 4.550

	
	
	K00371
	nitrate reductase beta & nitrite oxidoreductase (narH/nxrB)
	

	
	Nitrate reduction
(K02567+K02568)/2
	K02567
	periplasmic nitrate reductase (napA)
	GS: 0.033 
RS: 0.205

	
	
	K02568
	cytochrome c-type protein (napB)
	

	
	Nitrification
(K10944+K10945+K10946)/3
	K10944
	ammonia monooxygenase subunit A (amoA)
	GS: 0.00 
RS: 0.027

	
	
	K10945
	ammonia monooxygenase subunit B (amoB)
	

	
	
	K10946
	ammonia monooxygenase subunit C (amoC)
	

	
	Nitrogen assimilation
(K00360+K00367+K01915+K00265+K00284)/3
	K00265
	glutamate synthase (NADPH/NADH) large chain (gltB)
	GS: 48.790 
RS: 44.891

	
	
	K00284
	glutamate synthase (ferredoxin-dependent) (gltS)
	

	
	
	K00360
	assimilatory nitrate reductase
	

	
	
	K00367
	assimilatory nitrate reductase
	

	
	
	K01915
	glutamine synthetase (glnA)
	

	
	Nitrogen fixation
(K00531+K02586+K02588+K02591)/4
	K00531
	nitrogenase
	GS: 0
RS: 0

	
	
	K02586
	nitrogenase molybdenum-iron protein alpha chain (nifD)
	

	
	
	K02588
	nitrogenase iron protein (nifH)
	

	
	
	K02591
	nitrogenase molybdenum-iron protein beta chain (nifK)
	

	
	Nitrogen mineralization
K00260+K00261+K00262
	K00260
	glutamate dehydrogenase
	GS: 42.311 
RS: 49.325

	
	
	K00261
	glutamate dehydrogenase
	

	
	
	K00262
	glutamate dehydrogenase
	

	Sulfur Cycle
	Assimilatory sulfate reduction
(K00860+K00956+K00957)/3
	K00860
	adenylylsulfate kinase (cysC)
	GS: 26.712 
RS: 31.892

	
	
	K00956
	sulfate adenylyltransferase subunit 1 (cysN)
	

	
	
	K00957
	sulfate adenylyltransferase subunit 2 (cysD)
	

	
	Dissimilatory sulfate reduction and sulfide oxidation
(K00394+K00395+K11180)/3
	K00394
	adenylylsulfate reductase subunit A (aprA)
	GS: 0.856 
RS: 0.092

	
	
	K00395
	adenylylsulfate reductase subunit B (aprB)
	

	
	
	K11180
	sulfite reductase (dsrA)
	

	
	Sulfur Mineralization
K00456+K01011
	K00456
	cysteine dioxygenase
	GS: 70.368 
RS: 66.651

	
	
	K01011
	3-mercaptopyruvate sulfurtransferase
	

	
	Polysulfide reduction
	K08352
	polysulfide reductase chain A (psrA)
	GS: 2.064
RS: 1.365

	Phosphorus Cycle
	Phosphate transport
(K02038+K02036+K02037+K02040)/4
	K02038
	phosphate transport system permease protein (pstA)
	GS: 5.857 
RS: 4.522

	
	
	K02036
	phosphate transport system ATP-binding protein (pstB)
	

	
	
	K02037
	pstC; phosphate transport system permease protein
	

	
	
	K02040
	phosphate transport system substrate-binding protein (pstS)
	

	
	Phosphonoacetate hydrolase
	K06193
	phosphonoacetate hydrolase (phnA)
	GS: 8.106 
RS: 10.274

	
	2-phosphonopropionate transporter
	K04750
	phnB protein (phnB)
	GS: 10.952
RS: 5.311

	
	Phosphonate transport
(K02041+K02044+K02042)/3
	K02041
	phosphonate transport system ATP-binding protein (phnC)
	GS: 5.942 
RS: 6.278

	
	
	K02044
	phosphonate transport system substrate-binding protein (phnD)
	

	
	
	K02042
	phosphonate transport system permease protein(phnE)
	

	
	Phosphonate metabolism
(K02043+K06166+K06165+K06164+K06163+K05781+K05780+K06162+K05774)/9
	K02043
	GntR family transcriptional regulator, phosphonate transport system regulatory protein (phnF)
	GS: 1.722 
RS: 2.466

	
	
	K06166
	a-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnG (phnG)
	

	
	
	K06165
	a-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnH (phnH)
	

	
	
	K06164
	a-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnI (phnI)
	

	
	
	K06163
	a-D-ribose 1-methylphosphonate 5-phosphate C-P lyase (phnJ)
	

	
	
	K05781
	phosphonate transport system ATP-binding protein (phnK)
	

	
	
	K05780
	a-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit PhnL (phnL)
	

	
	
	K06162
	a-D-ribose 1-methylphosphonate 5-triphosphate diphosphatase (phnM)
	

	
	
	K05774
	ribose 1,5-bisphosphokinase (phnN)
	

	
	2-aminoethylphosphonic acid pathway
(K03430+K05306)/2
	K03430
	2-aminoethylphosphonate-pyruvate transaminase (phnW)
	GS: 0.936 
RS: 0.597

	
	
	K05306
	phosphonoacetaldehyde hydrolase (phnX)
	

	
	Phosphate regulation
K07636+K02039+K07657+K07658)/4
	K07636
	two-component system, OmpR family, phosphate regulon sensor histidine kinase PhoR (phoR)
	GS: 10.627 
RS: 14.699

	
	
	K02039
	phosphate transport system protein (phoU)
	

	
	
	K07657
	two-component system, OmpR family, phosphate regulon response regulator PhoB (phoB)
	

	
	
	K07658
	two-component system, OmpR family, alkaline phosphatase synthesis response regulator PhoP (phoB1; phoP)
	

	
	Alkaline phosphatase
(K01077+K01113)/2
	K01077
	alkaline phosphatase (phoA)
	GS: 6.354 
RS: 5.789

	
	
	K01113
	alkaline phosphatase D (phoD)
	

	
	G3P transporter
(K05814+K05813+K05816+K05815)/4
	K05814
	sn-glycerol 3-phosphate transport system permease (ugpA)
	GS: 2.533 
RS: 2.599

	
	
	K05813
	sn-glycerol 3-phosphate transport system substrate-binding (ugpB)
	

	
	
	K05816
	sn-glycerol 3-phosphate transport system ATP-binding (ugpC)
	

	
	
	K05815
	sn-glycerol 3-phosphate transport system permease (ugpE)
	

	
	Glycerophosphodiester phosphodiesterase
	K01126
	glycerophosphoryl diester phosphodiesterase (ugpQ; glpQ)
	GS: 25.091 
RS: 20.388

	
	Polyphosphate kinase
	K00937
	polyphosphate kinase (ppk)
	GS: 11.694 
RS: 14.290

	
	Exopolyphosphatase
	K01524
	exopolyphosphatase / guanosine-5'-triphosphate,3'-diphosphate pyrophosphatase (ppx-gppA)
	GS: 10.186 
RS: 12.788


Supplementary Figures[image: ]Supplementary Figure 1. (A) colored snow sampling locations on the Fildes Peninsula, King George Island, Antarctica (cited from Ren et al. 2024). Green snow (B) and red snow (C) in Antarctica.
[image: ]
Supplementary Figure 2. Physical and chemical properties (pH, NO₂- and NO₃-) of meltwater from green snow and red snow collected on the Fildes Peninsula, Antarctica.

[image: ]Supplementary Figure 3. Analysis of the entire microbial community in green and red snow. (A) Comparison of richness, Shannon index, and Simpson index between green and red snow based on Wilcoxon tests; ‘NS’ denoted no significant difference (P > 0.05). (B) Community structure features revealed by principal coordinate analysis (PCoA) and similarity-based analysis of similarity (ANOSIM) based on abund-Jaccard distance, (C) relative abundance at phylum level (>1%).
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[bookmark: _Hlk216860296]Supplementary Figure 4. Microalgae composition and differences in green and red snow at the genus level. Relative percentages (A) and significant difference (B) of the top 35 genera in the green and red snow samples. The genus that showed no significant differences was not shown (P > 0.05).

[bookmark: _Hlk217177048][bookmark: _Hlk217176541][image: ]Supplementary Figure 5. Genetic potential of carbon (C), nitrogen (N), sulfur (S) and phosphorus (P) cycling functions in green and red snow microbial communities. (A) relative abundance of pathways associated with each C, N, S and P cycling. (B) relative abundance of involved phylum in each pathway (>1%). “ * ” represents P < 0.05.
[image: ]Supplementary Figure 6. Relative abundance at the genus level of the major microorganisms involved in phosphorus cycle pathway (top 10 genera and unclassified genera were classified as Others).
[image: ]
Supplementary Figure 7. Mantel test showing correlations between microbial community distance (based on Bray-Curtis) and functional gene distance (based on C, N, S and P pathway relative abundances) in colored snow. Edge width and color intensity represent the Mantel's r value (Spearman's ρ), and edge color indicates statistical significance. Only significant correlations are displayed.
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