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I. Supplementary Tables $1-S5

Table S1. Culture media.

Culture media (g/L)

T2 (20x) | 5 g peptone, 0.15 g ferric ammonium citrate, 0.2 g MgS0,4-7H,0, 0.05 g CaCl,, 0.05 g MnSO4-H,0, 0.01 g FeCl5:6H,0
T3 (20x) | 1 g glucose, 1 g peptone, 0.5 g yeast extract, 0.2 g MgS04-7H20, 0.05 g MnSO4-:4H,0

T4 (20x) | 1 g glucose, 0.5 g casamino acids, 0.5 g yeast extract, 1 g KH,PO4, 0.5 g CaCl,-2H,0, 0.5 g MnCl;-4H,0

T5 (20x) | R2A 20x

T6 (1x) | R2A

T7 (20x) | Marine broth 2216

T8 (20x) | Trypticase soy broth

T9 Ice meltwater

Table S2. Analysis of bacterial 16S rRNA
File: Table S2.xIsx.

Table S3. Analysis of eukaryotic 185 rRNA
File: Table S3.xIsx.



Table S4. Correspondence analyses and species-environment correlations (A).

1 Phylum PCA - 0.611 | 0.201 | 0.165 | 0.023 4A
2 Genus PCA - 0.766 | 0.143 | 0.089 | 0.001 4B
3 Phylum CCA Age 0.034 | 0.070 | 0.028 | 0.018 S2A
4 Bacteria Genus CCA Age 0.261 | 0.216 | 0.163 | 0.002 S2B
5 Phylum CCA NH4", NO,, NO3, SO4*, SRP, DOC 0.061 | 0.047 | 0.028 | 0.003 S3A
6 Genus CCA NH4", NO,, NO3, SO4*, SRP, DOC 0.389 | 0.167 | 0.086 | 0.000 S3B
7 Phylum CCA C, Na, Mg, Al, Si, P, S, K,Ca, Mn, Fe, Cu, Zn, As, Br, Sr, Sn, | | 0.072 | 0.048 | 0.028 | 0.003 SAA
8 Genus CCA C, Na, Mg, Al, Si, P, S, K,Ca, Mn, Fe, Cu, Zn, As, Br, Sr, Sn, | | 0.390 | 0.167 | 0.086 | 0.000 S4B
9 Phylum PCA - 0.882 | 0.091 | 0.027 | 0.000 4C
10 Genus PCA - 0.961 | 0.030 | 0.010 | 0.000 4D
11 Phylum CCA Age 0.197 | 0.064 | 0.042 | 0.001 S2C
12 Eukarya Genus CCA Age 0.218 | 0.236 | 0.098 | 0.001 S2D
13 Phylum CCA NH,*, NO,, NO3, SO.*, SRP, DOC 0.255 | 0.045 | 0.003 | 0.000 S3C
14 Genus CCA NH,*, NO,, NO3, SO.*, SRP, DOC 0.412 | 0.099 | 0.041 | 0.000 S3D
15 Phylum CCA C, Na, Mg, Al, Si, P, S, K, Ca, Mn, Fe, Cu, Zn, As, Br, Sr,Sn, 1 | 0.255 | 0.046 | 0.003 | 0.000 s4ac
16 Genus CCA C, Na, Mg, Al, Si, P, S, K, Ca, Mn, Fe, Cu, Zn, As, Br, Sr,Sn, 1 | 0.413 | 0.099 | 0.041 | 0.000 S4D

Table S5. Identification of proteins isolated from the Pyrenean ice cave A294

File: Table S5.xIsx. (Proteomic dataset file)

Abbreviations used: Theoretical molecular weight (ThMw), theoretical isoelectric point (Th pl), number of mass values searched/number of mass values
matched (N), % sequence coverage (C). Protein scores higher than 66 were significant (p<0.05) in the Mascot database search algorithm (Matrix science,

UK).




Il. Supplementary Figures. Figures S1-S7

Figure S1. Summary of the overall experimental strategy.
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Figure S2. Growth rates monitored by optical density at 600 nm. The data shown are the mean +SD of 3 cultures for each culture condition.
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Figure S3. Relative abundance (No. reads) of to the most abundant genus in each sample.
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Figure S4. CCA of the microbial groups with regard to the ice age. Analysis of (A) bacterial phyla, (B) bacterial genera, (C) eukaryotic phyla, and (D)
eukaryotic genera.

o ‘ o ;
—| M0 | - : B
M2 O ; A @ : o
M3 @ © ; o~ ©
M4 @ | Q_ . o
3 o ] Spﬁzngubacte: mmEA Ordlobacter
! Bacillota Rho Lbfef%x :Aeromicrobium
oA ! A A Lysobacter
10} A |cfinomycetota A v <
® Bacroroil Op  sageBCA Lutetmonas i Safinibactertum oo pop
e ﬂiw)ﬂ_gfﬂfi ot P 1A A Pedobacter
Spirochaetota A 5 A Pseudomonadota Nocardioides Cryobacterium
Gemmatimonadota i A A E
@ Planctorﬁ:}'cetom&a Cvanobacteria Framkia  , n Arthrobacter
A . " o
Verrucomicrabiota Agdobacrei 1010 Segetibpcter
| H .
1 ] : Sphingomonas
: o) ' A deidisoma
i A ! @] Ay
j ! i A
i .: Tepidanaerobacter, @calothv:
o | o ! Gluconobacter
1 ; 1 i

-1.0 1.0 -1.0 1.0

CTM0 Lpa® | o < |
-— Aphelidea H - :
b0 o C | s D
M3QO  Telonema : & : U. Herpotrichiellaceae
MA@ upusomonadidae gotosrehzda : OQ
' A |
Alveolata ' o
IN ., :
1 Discosea i
Rhizaria i ®
. i age BC/A U. Chrysophyceac® ,  Flcosgecida age BC/A
77777777777777777777777777 ’ oo Perkinsicge®, & Heteromita
Holozoa ! Nucletmycea ) A AUARhizophydiales
H A Chbr .
A : A A rotriched = Cercomonas Cladosporium
£ VA . Spirotrichea  ge i t
Tubulinea i Streamenopiles Chioroplastida ¢ c(%c lgm @
® i ; o
i 0 ® i 00
A a o a
Schizoplasmodiida | !
ol e : =) 5
~ H b i
1 H ! H

-1.0 1.0 -1.0 1.0



Figure S5. CCA of the microbial groups with regard to the nutrient concentrations. Analysis of (A) bacterial phyla, (B) bacterial genera, (C) eukaryotic phyla,

and (D) eukaryotic genera.
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Figure S6. CCA of the microbial groups with regard to the concentrations of the dissolved ions in the ice. Analysis of (A) bacterial phyla, (B) bacterial
genera, (C) eukaryotic phyla, and (D) eukaryotic genera.
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Figure S7. Soluble proteins from glacier samples and from cultures resolved by 2-DE. Numbered spots marked with circles corresponded to proteins
identified by MALDI-TOF and described in Table S4. The figure is representative of four 2-DE experiments.
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lll. Supplementary Discussion
The characteristics of each of the functional categories are detailed below, and examples of some of the proteins obtained in each group are given.

Adaptation to atypical conditions

The proteins in this category have functions related to the adaptation of microorganisms to stress conditions that can induce the death of cells. Proteins
involved in the sporulation process are also included in this group since spore formation can be a stress response.

This kind of proteins appeared in both proteomes, although they were a majority in the cultures carried out at 42C. An example could be the ATP-binding
subunit of the ATP-dependent endopeptidase Clp that appeared in the proteome obtained from the M3 sample when cultured at 42C. Its function is to use the
energy from hydrolyzing ATP to degrade misfolded proteins, acting in a similar way to chymotrypsin (Zellmeier et al., 2006).

The AAA+ family of ATPases also appeared on several occasions. They have various functions, including the regulation of the cell cycle, the participation in
proteolysis or protein breakdown, and act also as chaperones. Within this family, some proteins take part, together with the DnaKk, in the response to
hyperosmosis and heat shock. Among them, the heat shock proteins, or HSPs proteins prevent the aggregation of proteins denatured by stress (Mondini et al.,
2022). In our samples, this category is more abundant in samples at 42C than in samples at 02C. This fact indicates that the microorganisms are living in a
stressful condition at 42C.

Another chaperone, the GroEL, was identified from Pseudomonas and Massilia, this protein contributes to the correct folding of proteins and does also protect
the cell from harmful situations (Garcia-Descalzo et al., 2014).

Krebs Cycle, Electron Transport Chain and ATP Synthesis

The proteins involved in the Krebs cycle metabolize carbohydrates, lipids and proteins that cells use to obtain energy in the form of GTP under aerobic
conditions, while those involved in the electron transport chain create an electrochemical gradient that is used to synthesize ATP that will later be used in
cellular processes as a source of energy.

The presence of proteins in this category, together with other types of enzymes that degrade carbohydrates, lipids and proteins to molecules that serve as
substrates for enzymes involved in the Krebs cycle, implies that the cells are obtaining energy to carry out the processes that allow them to fulfill vital functions,
such as reproduction, or relationship with their environment. Therefore, the fact that this group of proteins is more numerous at 02C implies that under these
conditions the microorganisms can live more comfortably. At 42C energy is also produced using these proteins, but to a lesser extent.

As an example, the enzyme succinate-CoA ligase (both alpha and beta subunits) which takes part in the Krebs cycle, has been identified in sample M2. This
enzyme participates in the only step of the tricarboxylic acid cycle in which phosphorylation occurs at the substrate level, where succinate-CoA becomes
succinate, and at the same time ADP is phosphorylated, becoming ATP (Joyce et al., 1999).

Regarding the enzymes involved in the electron transport chain and the synthesis of ATP, proteins such as ATP synthases or oxidoreductases repeatedly
appeared in gels. In bacteria, this process is carried out through an electrochemical gradient generated on both sides of the membranes, as it occurs in
eukaryotes. The main difference is that bacteria are able to adapt more easily to extreme situations since they contain a larger number of electron donors and
acceptors.



Detoxification

This category includes proteins that degrade certain molecules that can be harmful to the cell. They are responsible for removing heavy metals, although they
mainly act as antioxidants. Examples include the thiol peroxidase enzyme, isolated in the proteome of M1 at 42C; or the enzyme peroxiredoxin isolated in the
proteome of M4 at 02C. This enzyme, is oxidized by hydrogen peroxide, reducing it and preventing it from generating oxidative stress in the cell, thus becoming
an antioxidant enzyme. It is also related to the activation of certain genes (Jeong et al., 2000).

Metabolism of amino acids and related molecules

The proteins classified in this category have functions related to the degradation of proteins and amino acids, used to later synthesize new proteins. Amino
acids are broken down because they are not needed or because the cell needs energy and cannot get it from the main pathways of carbohydrate metabolism.
In this category, the same number of total proteins was obtained in the proteome at 02C and 429C (Table S5). It can then be confirmed that when the
temperature increases, bacteria continue to carry out these processes in a similar way as they do under standard conditions since they are common to both
proteomes.

An example would be the protein Saccharopine dehydrogenase, obtained in the M4 proteome at 02C, which catalyzes the NAD+-dependent reaction in which L-
Saccharopine is hydrolyzed to L-lysine (an amino acid necessary for protein synthesis) and 2-oxoglutarate (an intermediate of the Krebs cycle) (de Mello Serrano
etal., 2012).

Metabolism of carbohydrates and related molecules

The proteins included in this group have functions related to the degradation of carbohydrates to obtain energy in the form of ATP that cells can use to carry
out various processes necessary to survive. Therefore, the presence of these proteins indicates that the cell is functioning optimally since it is producing energy
to develop its basic functions.

This is not a numerous group of proteins, but was present in both the proteomes obtained at 02C and 42C. This fact could indicate that the bacteria that are
synthesizing these proteins are adapting correctly to the increase in temperature.

An example is the fructose bisphosphatase class 1, also known as fructose-1,6-bisphosphatase, which appeared repeatedly in gels from cultures at both 02C and
49C, and catalyzes the hydrolysis of fructose-1,6-bisphosphate to fructose-6-phosphate during the gluconeogenesis. (Hines et al., 2007).

Metabolism of coenzymes and prosthetic groups

The proteins contained in this category are related to the metabolism and synthesis of coenzymes and prosthetic groups. It is not very numerous in either of the
two conditions, but its presence is necessary for the correct functioning of the cell.

One of the proteins that appeared in this group was the enzyme exopolyphosphatase from the chemolithoautotrophic bacteria Bosea lupini. This enzyme is
capable of degrading inorganic polyphosphates because it hydrolyzes the terminal phosphate groups of a polyphosphate chain, thus leaving free phosphate
anions that the microorganism can use (Beassoni et al., 2015).

Metabolism of nucleotides and Nucleic Acids



The proteins included in this category participate in processes related to the synthesis and degradation of nucleotides and nucleic acids. Although it is not a very
large group, a higher number of proteins from this class were isolated from the proteomes of bacteria grown at 02C than from the proteomes of bacteria grown
at 42C. As mentioned above, the bacteria must synthesize proteins that help to obtain ATP, since this ATP is then used as a source of energy to carry out all
cellular processes.

The enzyme carbamate kinase, identified in the M2 proteome at 02C, catalyzes the transfer of a phosphate group from an ATP to hydrogen carbonate to obtain
ADP and carbamoyl phosphate. It is part of the carbamoyl phosphate degradation pathway, in which this compound is degraded to give CO, and NH3 (Ramédn-
Maiques et al., 2010).

Metabolism of Lipids

The proteins included in this category have functions related to the degradation and synthesis of lipids. Although this group is not numerous and was only
isolated in one of the proteomes obtained at 02C, this does not mean that it was not present in the rest of the conditions, since they are necessary, and
complement some of those obtained in other more abundant categories. Probably they were not obtained in the rest of the proteomes because the level of
expression was lower.

The only identified enzyme belonging to this category, the enoyl-CoA hydratase from Bradyrhizobium, was isolated in the M3 proteome at 02C. This enzyme
transforms a double bond into a single bond with a hydroxyl radical by adding a water molecule. This process is part of the beta-oxidation of fatty acids, which is
the process by which fatty acids are transformed into acetyl-CoA to enter the Krebs cycle and thus obtain energy (Fukui, et al., 1998).

Mobility

Some of the isolated species can form a flagellum that helps them move through the ice channels. These proteins were more abundant in the case of the
proteomes obtained at 42C, which could be because at this temperature the ice is partially melted and waterways are formed in which the microorganisms can
move.

The most abundant protein among those belonging to this category is flagellin identified in Pseudomonas, a protein capable of polymerizing to form filaments
or a bacterial flagellum (Titz et al., 2006).

Cell wall and membrane processes

The proteins from this category have functions related to the formation of the bacterial peptidoglycan wall that protects the bacteria and other cellular
processes associated with the construction of the plasma membrane.

It was one of the most abundant categories in both conditions since it encompasses proteins that are involved in the transport of substances through the
membrane, sensors of some stimulus, and cell mechanisms to defend themselves against bacteriophages or proteins that are involved in the synthesis of
peptidoglycans.

An example is D-alanine-D-alanine ligase, which bonds two molecules of alanine thanks to the hydrolysis of ATP. This reaction is basic in the biosynthesis of
peptidoglycans, which are then used to form the cell wall (al-Bar et al., 1992).

Other proteins that also belong to this category are the ABC transporters, which can transport substances through the membrane using the energy they obtain
from the hydrolysis of ATP.



Synthesis of cofactors and protein modifiers

The proteins in this group develop functions related to the synthesis of cofactors or protein post-translational modifiers. This category is closely related to the
Protein synthesis group, although this was less abundant since only some proteins need cofactors or modifiers.

An example is the SAM protein from the methanotroph Roseiarcus fermentans isolated in the proteome of M3 at 02C. This superfamily takes its name from S-
adenosyl-L-methionine (SAM). A type of a protein belonging to this family is Ubiquinone/menaquinone C-methyltransferase, which participates in the
biosynthesis of these cofactors.

Protein synthesis

This was the largest category in both cases, although it was slightly superior in proteomes obtained from cultures grown at 02C. Protein synthesis only occurs in
living cells, and their presence indicates that these microorganisms are capable of living inside the frozen cave. The proteins synthesized by cells are used for
the development of their vital functions and also to adapt to stress situations.

For instance, the elongation factors G, Ts and Tu, were isolated in almost all of the proteomes at 02C and 49C. These proteins aim to lengthen the amino acid
chain during protein translation (Doherty et al., 2006).

Information pathways and cell cycle

The presence of proteins belonging to this group indicates both the existence of cell division, as DNA replication is taking place and the expression of the
bacterial genes through the transcription of DNA to RNA, that leads to protein synthesis.

This category was one of the most numerous in both conditions, but was significantly more abundant (close to double) in the proteomes obtained from cultures
grown at 02C (Table S5). These proteins play a key role in the development of the cell and the growth of the colony. The reason for this large difference could
be that bacteria grown at 49C are devoting more means to adapting to unfavorable conditions than to reproduction, and the growth of bacteria would also be
reduced.

In addition, as the number of proteins dedicated to protein synthesis is similar in both conditions, the difference in this category could be due to the difference
in the processes of reproduction and the cell cycle, which occurred to a greater extent in cultures at 09C.

An example of isolated proteins involved in the cell cycle would be cell division protein ZapA, which was obtained in the M4 proteome at 4°C from Paenibacillus.
This protein activates cell division by inhibiting the GTPase activity of FtsZ, allowing the recruitment of the protofilaments that form the Z ring (Johnson et al.,
2004).

Several proteins were also observed in almost all of the proteomes at 02C and 42C that were involved in the transmission of genetic information, such as DNA
polymerases or RNA polymerases, which participate in the processes of replication and transcription.

Uncharacterized

This category includes undetermined proteins, hypothetical proteins, and DUF (domain of unknown function) proteins. Although their corresponding genes are
known, and are occasionally well-characterized, they do not have a specific known function. It is common to find this type of proteins in studies on
microorganisms isolated from extreme environments because in many cases no studies have been carried out on their proteomes, or the isolated proteins have



not been characterized. It is worth mentioning that the new techniques used in genomics, such as NGS used in this study, have greatly facilitated the discovery
of new proteins. They are fast methods that allow the identification of new genes and the amino acid sequence of hitherto unknown proteins. The problem is
the identification of the function of these proteins since the techniques for this purpose (e.g. microarrays) are slower and more expensive. It cannot be
discarded that these proteins belong to microeukaryotes that have not been identified in this study.

Once the functions of the proteins have been identified, the results obtained in each sample at 02C and 42C could be compared. These differences can be
observed in the sector diagrams (Fig. 5 A, D).

When the diagram of M1 at 02C was compared with that of M1 at 49C (without considering the category of uncharacterized proteins), the most abundant
category in both temperatures was “Protein synthesis”. The second most abundant category present at 02C, “Transmission of genetic information and cell
cycle”, disappeared from the proteome when temperature increased (Fig. 5A). In addition, at 42C the second major category was “Adaptation to atypical
conditions”. It is worth mentioning the decrease of categories related to energy production (metabolism of macromolecules, Krebs cycle, electron transport
chain, and ATP synthesis) that is observed when temperature increases. From these data, it can be deduced that the microorganisms present in the M1 sample
do not withstand the increase in temperature.

In the case of sample M2, the major category was “Protein synthesis”, followed by “Transmission of genetic information and cell cycle” in both conditions. In a
similar way to what was observed in M1, when the temperature increased to 42C, the category size corresponding to “Adaptation to atypical conditions”
increased while the categories related to obtaining energy decreased (especially those related to the Krebs cycle, electron transport chain, and ATP synthesis).
Therefore, the conclusion is similar to the case of M1; although in this condition the microorganisms would adapt better, and a higher or more continuous
increase in temperature would be necessary to cause the death of the microorganisms.

When the study of the proteomes of the M3 sample was carried out, no broad differences were observed for the relevant categories (Fig. 5C). The group
“Adaptation to atypical conditions” decreased with increasing temperature (although the number of proteins was the same at 02C and 42C), while the
categories related to “Transmission of genetic information and cell cycle” decreased. It could be deduced that to a lesser extent than in the previous cases, the
correct development of the microorganisms in the M3 sample was altered by the increase in temperature.

Finally, when studying the distribution of the functional categories of proteins in the M4 sample, the group of “Uncharacterized proteins” was much more
abundant at 42C than at 02C (Fig. 5D). It is noticeable that both diagrams were very similar, especially regarding the relevant categories to assess their
adaptation. In this case, the adaptation to the increase in temperature was much better than in the other samples.
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