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Key enzymes, functional genes, dominant taxanomy, discovered environment of different microbial

Carbon fixation pathways

Function genes Dominant taxanomy

Discovered environment

Reductive pentose
phosphate cycle
(Calvin cycle)
Reductive tricarboxylic
acid cycle

Reductive acetyl-CoA
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Ljungdahl pathway)
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bicycle
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Dicarboxylate/
4-Hydroxybutyrate cycle

Reverse glycine cleavage
pathways
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carboxylase/oxygenase cbbM
Pyruvate:Ferredoxin porA/nif]
oxidoreductase oord aclB
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Acetyl-CoA/propionyl-CoA
carboxylase
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CoA dehydratase
Malonyl-CoA reductase
Phosphoenolpyruvate
carboxylase

Pyruvate synthase
4-Hydroxybutyryl-

CoA dehydratase

Plants, algae, Cyanobacteria,
most aerobic or facultative
aerobic Eubacteria
Chlorobiales, Aquificales,
Epsilonproteobacteria,
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Alphaproteobacteria
(Magnetococcus), Nitrospirae

Methanogenic and sulfate
reducing Euryarchaeota,
acetogenic Firmicutes,
some Spirochaetes, many
Deltaproteobacteria,
Annamox bacteria

of Planctomycetes
Chloroflexaceae

Acrobic Sulfolobales
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(Thaumarchaeota)
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Proteobacteria (Candidatus
Phosphitivorax)
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Table 2. Carbon fixation pathways and dominant microorganisms in glaciers
rsgl;i}; Glacier name  Study type  Study method Main carbon fixation pathway Dominant phylum References
Antarctica Signy Island Cryoconite ~PCR CBB Proteobacteria, Heterokonta,  [62]
Haptophyceae
McMurdo Dry  Glacial melt Functional CBB [31]
Valleys water genes
sequencing
Robertson Subglacial Metagenome WL [63]
Glacier sediment sequencing
Arctic Midtre Cryoconite PCR CBB Actinobacteria, Cyanobacteria, [62]
Love’nbreen Haptophyta, Heterokonta
Matanuska Glacier ice  Metagenome CBB [30]
sequencing
Canada Robertson Cryoconite PCR CBB Proteobacteria [53]
Borup Fiord Glacial melt Metagenome rTCA [56]
Pass water sequencing
Borup Fiord Cryoconite ~ Metagenome rTCA [57]
Pass sequencing
Alps Froni Cryoconite =~ Metagenome CBB Cyanobacteria, Proteobacteria [52]
sequencing
Baltoro Cryoconite ~ Metagenome CBB Cyanobacteria, Proteobacteria [52]
sequencing
Tibetan  Satrundi Glacial melt Genome CBB [54]
Plateau water sequencing
Qiangyong Glacial melt qPCR CBB Proteobacteria, Cyanobacteria, [55]
water Heterokonta, Cryptophyta,

Haptophyta
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% 3. KNFREKRENEBKPIREFEN(PP). BEFRERFEESRGEFJ1(NEP)
Table 3. Primary productivity (PP), community respiration (R), and net ecosystem productivity (NEP) in
cryoconite hole water on the surface of glaciers
Study . ‘ ' Primary. . CorrTmu'nity Net eco.sy.stem Autotrophy/
region Glacier name Latitude Longitude productivity/  respiration/ productivity/ Heterotrophy References
[ug CAL-d)]  [pg CAL-d)]  [ug CAL-d)]
Arctic  Austre Broggerbreen 78°53'N  12°04'E 72.9+£29.8 12.12 Autotrophy [72]
[8]
Midre Love’nbreen 78°31'N 12°20'E  (8.16-253.44) [9]
Glacier
15.12+0.03 (9]
590.40+0.75 [9]
748.80+2.10 [9]
3768+4 (9]
515.13 517.74 229 Autotrophy [72]
36.00+18.76 [73]
(26.4-62.4)
1564+23 [71]
(1212-2572)
Svalbard 78°55'N 11°56'E 7.4 85.6 -78.2 Autotrophy [45]
(2.6-12.2) (25.1-146.0)  (-22.5-134.0)
Vestre Broggerbreen 79°00'N 12°00'E ~ 521.97 636.45 49 Autotrophy [72]
Froya Glacier 74°24'N 20°50'W  53.5+59.7 [70]
(7.97-183)
nr Kangerlussuag ~ 66.97°N 49.27°W  —10+35 14+160 4+10 Autotrophy [75]
Werenskioldbreen ~ 77°04'N 15°15'E  (7.92-46.08)  (0.29-5.76) Autotrophy [45]
84.6+2.2 10.56+0.17 Autotrophy [45]
103.2 [45]
Alps Stubacher 47°13'N 12°60'E 86.7+17.9 [8]
Sonnblickkees
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F 4. KNFREAKL ST BPREFF(PP). BEEFRERFISFESRGELEFH(NEP)
Table 4. Primary productivity (PP), community respiration (R), and net ecosystem productivity (NEP) in
cryoconite hole sediment on the surface of glaciers

Primary Community  Net ecosystem
Study . . . .. o L. Autotrophy/
region Glacier name Latitude Longitude productivity respiration productivity Heterotrophy References
/[pg C/AL-d)]  /[pg C/(L-d)] /[pg C/(L-d)]
Arctic Austre Brggerbreen 78°53'N 12°04'E  48.0+35.9 15.3£5.0 Autotrophy [8,72]
(11.2-125.0) (6.2-28.6)
Longyearbeen 78°10'N 15°30'E  17.249.7 19.2£5.5 -2.0+6.4 Heterotrophy  [78]
(2.09-25.70) (11.0-25.1)
Longyearbyen 78°10'N 15°30'E  23.0 -0.6 Heterotrophy  [78]
(4.2-35.8) (-7.1-2.8)
Midtre Love’nbreen 78°31'N 12°20'E  17.3 0.6 Autotrophy [74]
28.1+0.2 [73]
(21.8-34.6)
353.0+248.0 28.20+4.37 Autotrophy [8]
(72.2-756.0) (21.9-34.6)
GrIS Ice sheet zone 67°00'N 50°00'W 0.12+0.02 Autotrophy [71]
1.9£0.9 Autotrophy [76]
-0.2+0.4 Autotrophy [71]
4.1£3.0 Autotrophy [76]
10.2+10.4 Autotrophy [76]
2.8+1.1 Autotrophy [72]
18.7+10.1 20.9+8.2 Heterotrophy ~ Unpublished
(4.7-28.7) (12.2-29.6)
22.4 [79]
(1.3-40.8)
15.6 -1.8 Heterotrophy ~ [71]
(0.1-28.7) (-10-1.3)
Werenskioldbreen  77°04'N 15°15'E  (0.07-1.80) [79]
Vestre Brggerbreen 79°00'N 12°00'E  208+106 34.30+2.18 Autotrophy [8]
(101-368) (32.0-37.9)
Froya Glacier 74°24'N 20°50'W  115.0+56.3 [8]
(35.5-205.0)
nr Kangerlussuaq ~ 66°34'N 49°27'W  24.5 18.4 6.11 Autotrophy [76]
Svalbard 78°55'N 11°56'E  17.3 20.1 -1.3 Heterotrophy  [74]
(6.5-32.2) (4.3-37.1) (-11.9-8.0)
18.7£10.3 18.749.1 -0.12+4.10 Heterotrophy  [72]
Antarctica East Antarctica ice 70°50'S 77°04'E 2.4 (0.7-9.3) [78]
sheet
Antarctic Blue Ice  79°46'S  83°19'W 2.2 1.99 0.23 Autotrophy [80]
Canada Glacier 77°37'S 162°57'E 1.4 2.2 Heterotrophy  [77]
0.39+0.23 [81]
0.45+0.37 [81]
0.19+0.17 [81]
0.42+0.29 [81]
Vestfold Hills 68°35'S 77°58'E  2.1#+1.5 1.86x1.51 Autotrophy Unpublished
(0.21-4.82) (0.40-4.54)
Alps Rotmoosferner 46°50'N 11°03'E  24.6+21.4 [70]
(6-67)
Stubacher 47°13'N 12°60'E  147.0+78.3 42.1+£7.91 Autotrophy [8,70]
Sonnblickkees (2.83-2059.00) (29.7-44.8)
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Research progress of carbon fixation microorganisms in glaciers
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Abstract: Glaciers occupy roughly 11% of the Earth’s land surface and possess about 10* Pg organic carbon. As
glaciers melt, organic carbon is released into downstream ecosystems, stimulating the primary productivity and
affecting the ecosystem of oceans, lakes, and runoff. Microbial carbon-fixing processes determine organic carbon
storage in glaciers and carbon output from glaciers to downstream ecosystems. Investigations on community
composition and function of carbon-fixing microbes in glaciers can provide a data basis for estimating the carbon
accumulation in glaciers and protecting their downstream ecosystems. This review summarized the carbon storage
and release of glaciers, carbon fixing pathways, the community composition of carbon-fixing microorganisms in
glacial ecosystems, carbon fixation rate, and influencing environmental factors, followed by prospects on future

research directions of carbon-fixing microorganisms in glacial ecosystems.
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