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Text 1. Supplementary material and methods 

 

Genomic DNA extraction. The pellet was divided into two subsamples to increase 

extraction yield and was extracted using the DNeasy PowerBiofilm kit (QIAGEN, 

Hilden, Germany) following the manufacturer's instructions with several modifications 

in the cell disruption step. Subsamples were introduced in Bead Tubes with 450 µL of the 

first solution buffer (MBL), then introduced in liquid nitrogen for 30 s and thawed at 

40ºC, repeating the freeze-thaw cycle four times. During the bead beat step suggested by 

the kit, cells were disrupted in a homogenizer (FastPrep-24 5G, MP Biomedicals, Santa 

Ana, CA, USA) with two cycles at 60 m·s−1 for 40 s. Finally, subsample extracts were 

combined in a single MB Spin Column for DNA clean-up steps following the 

manufacturer’s instructions. 

PCR amplification and Illumina MiSeq sequencing. A first PCR was performed with 

a Q5 Hot Start High-Fidelity DNA Polymerase kit (New England Biolabs, Massachusetts, 

USA). The bacterial 16S rRNA gene was amplified using the primer pair 341-F/805-R 

(Herlemann et al., 2011), the archaeal 16S rRNA gene was amplified using the primer 

pair Arch1F/Arch1R (Cruaud et al., 2014) and the eukaryotic 18S rRNA gene was 

amplified using the primer pair 563F/1132R (Hugerth et al., 2014). The PCR for bacteria 

was performed with the following thermocycling conditions: 20 cycles of 98ºC for 10 s, 

50ºC for 20s, and 72º for 20ºC, with a final extension step at 72ºC for 2 min. The PCR 

for archaea was performed at identical conditions except for 23 cycles instead of 20, and 

an annealing temperature of 48ºC. The PCR for eukarya was also performed at identical 

conditions except for 25 cycles instead of 20, and an annealing temperature of 54ºC to 

reduce amplification of an unspecific band at ~524 bp. A second PCR with 13 cycles was 

performed for all amplicons with the Q5 Hot Start High-Fidelity DNA Polymerase kit 

(New England Biolabs) to insert sample-specific barcodes and the Illumina adapter 

sequences (5'-

AATGATACGGCGACCACCGAGATCTACACTGACGACATGGTTCTACA-3' and 

5'-CAAGCAGAAGACGGCATACGAGAT-[10 nucleotides barcode]-

TACGGTAGCAGAGACTTGGTCT-3') (Fluidigm, San Francisco, CA, USA). Final 

amplicons were validated and quantified with a 2100 Bioanalyzer (Agilent, Santa Clara, 

CA, USA). 

Protein extraction. Pellets were extracted with sodium dodecyl sulfate (SDS) lysis and 

precipitated with trichloroacetic acid (TCA) following Hultman et al. (2015) with several 

modifications. Each sample was suspended in 7 mL of SDS lysis buffer (4 %, 100 mM 

Tris-HCl, pH 8.0) in Falcon tubes, boiled for 15 min, and pulse-sonicated (10 s on and 5 

s off) for 5 min at 30 % amplitude. To assure cell disruption, boiling and sonication were 

repeated once. Samples were centrifuged at 21,000 x g for 15 min at 4 ºC, and 

supernatants containing the cell lysate were transferred to a fresh tube. Sample extracts 

were incubated with 20% TCA overnight at -20 ºC to precipitate the proteins and were 

centrifuged at 21,000 x g for 40 min at 4 ºC to discard supernatants. Protein pellets were 

washed with 1 mL of chilled acetone, vortexed, and centrifuged, repeating the process 
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three times. In the last wash, protein pellets were air-dried until acetone evaporated and 

then dissolved in urea 8M. 

Protein analysis. Total protein biomass was digested in-gel with trypsin. Proteins were 

reduced with 10 mM DTT, alkylated with 55 mM iodoacetamide and digested with 4 

µg·μL-1 of recombinant bovine trypsin (Roche Molecular Biochemicals) (1/25 w/w) 

overnight at 37ºC. Peptides were vacuum-dried by centrifugation and resuspended in 2% 

acetonitrile and 0.1% formic acid for analysis. Desalted protein digests were analyzed 

using a nano Easy-nLC 1000 system (Thermo Scientific) coupled to a high-resolution Q-

Exactive HF hybrid quadrupole-Orbitrap mass spectrometer (Thermo Scientific). 

Samples were loaded onto an Acclaim PepMap 100 pre-column (20mm x 75 μm ID, 3 

μm C18 with 100 Å pore size, Thermo Scientific) and then separated using an Easy-spray 

Column (500 mm x 75 μm ID, 2 μm C18 with 100 Å pore size, Thermo Scientific) with 

an integrated spray tip and a flow rate of 250 nL·min−1. The mobile phase consisted of 

2% acetonitrile and 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile 

(B). Peptides were eluted using a gradient profile that started from 2% to 35% B for 150 

min, increased to 45% B for 10 min, and changed to more than 95% B for 10 min. Data 

acquisition was performed using an ion spray voltage of 1.9 Kv and an ion transfer 

temperature of 270 ºC. Peptides were detected in positive ion mode and full scan mode 

for a mass range of 350-1800 Da. 

Compound-specific isotope analysis. The carbon isotopic composition of individual 

lipids compounds was determined by coupling the gas chromatograph-mass spectrometer 

(Trace GC 1310 ultra and ISQ QD-MS, Thermo Fisher Scientific) to the isotope-ratio 

mass spectrometry system (MAT 253 IRMS, Thermo Fisher Scientific). For the gas 

chromatography analysis (GC), we used a TG-5MS column (30 m length, 0.25 mm inner 

diameter, with a thickness of 0.25 µm, Thermo Scientific) and the oven temperature was 

set to increase from 70 °C to 130 °C at 20 °C·min−1 and to 300 °C at 10 °C·min−1 (held 

for 15 min). For the analysis with isotope-ratio mass spectrometry (IRMS), conditions 

were: electron ionization 100 eV, Faraday cup collectors m/z 44, 45, and 46, and 

temperature of the CuO/NiO combustion interface at 1000 °C. The samples were injected 

in a PTV injector in splitless mode, with an inlet temperature of 250 ºC. Helium was used 

as carrier gas at a constant flow of 1.1 ml·min-1. For the alkanoic acids, the δ13C data were 

calculated from the FAME values, correcting them for the one carbon atom added in the 

methanolysis (Abrajano et al., 1994). 
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Text 2. Supplementary discussion on the taxonomic specificity of proteins  

 

Traditionally, metaproteomics was used for assessing the metabolism of microbial 

communities. However, there is an increasing interest in metaproteomics for 

characterising the structure of microbial communities and quantifying the relative 

abundance of taxa (Kleiner et al., 2017; Kleiner, 2019). Here, we complement and 

compare the microbial community profile of an ancient microbial mat based on SSU 

rRNA gene sequencing and metaproteomics analyses. We performed this comparison 

mainly at the phylum and order level. Therefore, species-level comparisons were avoided 

due to possible protein misidentification, addressing the following issues:   

i) Protein inference. In proteomics, proteins are identified by matching peptide 

sequences from mass spectrometry to specific proteins. Occasionally, the same 

peptide sequence can match different proteins, which may lead to ambiguous protein 

identification. Particularly when conducting metaproteomics, multiple species with 

proteins sequences may also share peptides with protein sequences from other 

species. This may result in certain proteins with incorrect species annotation (Kleiner 

et al., 2017).  

ii) Protein databases. Currently, protein databases are comparatively smaller than 

those of DNA (e.g., 16S and 18S rRNA genes), and are relatively enriched in 

complete or nearly complete proteomes of model organisms, which may also lead to 

incorrect species annotation (Hendy et al., 2018).  

Despite accurate species-level assignments has been successfully done by the 

construction of specific databases and metagenomics workflows  (Kleiner et al., 2017), 

in our study, we used entries of the Swiss-Prot database without taxonomic restrictions. 

Therefore, for a conservative approach, we investigated the taxonomic profile at the 

phylum, order and, occasionally, at the genus level (Supplementary Text 3), which are 

taxonomic resolutions that can overcome the aforementioned limitations.  
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Text 3. Supplementary discussion on the identification of biological sources 

and metabolisms in the microbial mat based on the presence of specific taxa. 

 

Identification of biological sources and metabolisms in the desiccated microbial mat was 

based on the detection of specific taxa (at the phylum, order, and/or genus level) with 16S 

and 18S rRNA gene metabarcoding, metaproteomics, and/or lipid biomarker analysis. 

Two inputs of biological sources were considered in the microbial mat: autochthonous, 

belonging to the microbial mat itself, and allochthonous, built-in from the surroundings 

(e.g., lipid signatures potentially from mosses and higher plants). The taxa identified as 

potentially involved in specific microbial metabolisms are those related to the indigenous 

microorganisms in the microbial mat and are detailed below. Additionally, a section with 

the identification of potentially allochthonous biological sources related to specific lipid 

compounds was also included.  

Oxygenic photosynthesis:  

 DNA: Chlorophyta (Chlorophyceae) and Ochrophyta (Chromulinales) 

(Gantt, 2011) 

 Proteins: Cyanobacteria (Nostocales, mostly Nostoc; and Synechococcales, 

mostly Synechococcus), Chlorophyta (Chlamydomonadales, Chlorellales, 

Mamiellales, Nephroselmidales and Oltmannsiellopsidales), Ochrophyta 

(Naviculales) and Haptophyta (Isochrysidales) (Gantt, 2011)  

 Lipids biomarkers:  

- Non-polar fraction - alkanes: n-C17, 7-methyl C16, 7-methyl C17, 7-

methyl C18 and 7-methyl C19 indicative of cyanobacteria (Gelpi et al., 

1970; Shiea et al., 1990; Rontani and Volkman, 2005; Allen et al., 

2010). Pristane and phytane, majorly transformation products of 

phytol, thus indicative of chlorophyll-bearing organisms (Rontani and 

Volkman, 2003). 

- Acidic fraction - alkanoic acids: unsaturated moieties such as 16:1(ω7) 

and 18:1(ω9), suggesting the presence of cyanobacteria and/or 

microalgae (Allen et al., 2010; Pagès et al., 2015).  

- Polar fraction - alkanols: Phytol, indicative of chlorophyll-bearing 

organisms (Brocks and Summons, 2003). Dinosterol, indicative of 

diatoms (Volkman, 2003), and fucosterol, campesterol, β-sitosterol, 

and stigmasterol, suggesting the presence of microalgae (Martin-

Creuzburg and Merkel, 2016; Randhir et al., 2020). 

Carbon oxidation: 

 DNA: prokaryotes and eukaryotes (e.g. Chytridiomycota, Ascomycota, 

Ciliophora, and Cercozoa). 

 Proteins: prokaryotes and eukaryotes 

 Lipid biomarkers: eukaryotes (e.g. ergostanol, suggesting the presence of 

fungi (Weete et al., 2010)). 
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Nitrogen fixation:  

 DNA: Rhizobiales (Rascio and La Rocca, 2013), Clostridiales (Clostridium 

(Rascio and La Rocca, 2013)). 

 Proteins: Rhizobiales, Clostridiales (Clostridium), Nostocales (Sukenik et al., 

2009), Frankiales (Frankia (Sellstedt and Richau, 2013)), Campylobacterales 

(Arcobacter (Pati et al., 2010)), Rhodospirillales (Gluconacetobacter (Van 

Dommelen and Vanderleyden, 2007)). 

Nitrification:  

 DNA: Nitrosomonadales (Nitrospira (Prosser, 2007)) 

 Proteins: Nitrosomonadales (Nitrosomonas (Prosser, 2007)), Chromatiales 

(Nitrosococcus (Prosser, 2007)). 

Denitrification:  

 DNA: Actinomycetales (Tetrasphaera (Marques et al., 2018)). 

 Proteins: Nitrosomonadales (Thiobacillus (Friedrich et al., 2005)). 

Anoxygenic photosynthesis:  

 DNA: Burkholderiales (Rhodoferax (Madigan et al., 2000)). 

 Proteins: Chromatiales (Imhoff et al., 2005), Rhodobacterales 

(Dinoroseobacter (Biebl et al., 2005), Rhodobacter (Imhoff et al., 2005)), 

Sphingomonadales (Erythrobacter (Sato-Takabe et al., 2012)). 

Sulfur oxidation: 

 DNA: Burkholderiales (Rhodoferax (Madigan et al., 2000)). 

 Proteins: Nitrosomonadales (Thiobacillus (Friedrich et al., 2005)), 

Campylobacterales (Arcobacter (Sievert et al., 2007)), Chromatiales 

(Halothiobacillus (Kelly and Wood, 2015)). 

Sulfur reduction (elemental sulfur and sulfate reducers): 

 DNA: Clostridiales (Desulfosporosinus (Ramamoorthy et al., 2006), 

Clostridium (Sallam and Steinbuchel, 2009)), Desulfobacterales 

(Desulfocapsa (Janssen et al., 1996)), Desulfuromonadales (Desulfuromonas 

(Fenchel et al., 2012), Geobacter (Fenchel et al., 2012)). 

 Proteins: Clostridiales (Desulfitobacterium (Villemur et al., 2006), 

Clostridium), Desulfobacterales (Desulfotalea (Rabus et al., 2004)), 

Desulfuromonadales (Geobacter). 

 Lipid biomarkers:  

- Alkanoic acids: i/a-C15, i/a-C16,  i/a-C17, i/a-C18, often associated with 

sulfate-reducing bacteria (Taylor and Parkes, 1983; Kaneda, 1991). 
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Methanogenesis:  

 DNA: Methanomicrobiales (Fenchel et al., 2012), Methanosarcinales 

(Fenchel et al., 2012). 

 Proteins: Methanomicrobiales, Methanosarcinales. 

 Lipids biomarkers: 

- Alkanes: phytane, potentially indicative of methanogenic archaea 

when it comes from the degradation of archaeol (diphytanylglycerol) 

under anoxic conditions (Brocks and Summons, 2003). 

Allochthonous sources based on lipid biomarkers: 

 Alkanes: odd HMW alkanes can be produced by mosses (e.g. n-C23 and n-C25 

(Nott et al., 2000; Pancost et al., 2002), macrophytes (e.g. n-C23 and n-C25 (Ficken 

et al., 2000; Mead et al., 2005) or higher plants (e.g. n-C27 and n-C29 (Eglinton and 

Hamilton, 1967; Hedges and Prahl, 1993)).  

 Alkanoic acids: even HMW alkanoic acids such as 24:0, 26:0, and 28:0 may be 

indicative of higher plants (Eglinton and Hamilton, 1967; Hedges and Prahl, 

1993) or microbial sources (Naraoka and Ishiwatari, 2000; Chen et al., 2019), 

depending on their δ13C signatures relatively depleted (plants or microalgae) or 

enriched (heterotrophic microorganisms) in 13C (Chen et al., 2019).  

 Alkanols: even HMW alkanols (e.g. n-C24, n-C26 and n-C28) can stem from higher 

plants (Eglinton and Hamilton, 1967). In addition, phytosterols such as fucosterol, 

campesterol, β-sitosterol, and stigmasterol may be produced, apart from micro-

/macro-algae (Martin-Creuzburg and Merkel, 2016; Taipale et al., 2016; Pereira 

et al., 2017; Randhir et al., 2020), from higher plants (Volkman, 1986).  
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Figure 1. Map of the MIS Ponds, based on Archer et al. (2014) and Jackson et al. (2021), 

and the location (indicated as a red dot) of the desiccated microbial mat at the time of 

collection during the austral summer of 1996.  
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Figure 2. Concentration of extracellular DNA and proteins (soluble in water) in the 

desiccated microbial mat (μg·g-1 of dry weight). Error bars are the standard deviation of 

triplicates. 
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Figure 3. Biological composition of the negative control during protein extraction and 

analysis calculated based on the normalized spectral abundance factor (NSAF) annotated 

per cent (more details in Materials and methods).  

0

10

20

30

40

50

60

70

80

90

100

%
R

e
la

t i
v
e

a
b

u
n

d
a

n
c
e

Arthropoda

Ascomycota

Chordata

Amoebozoa

Proteobacteria

Streptophyta

Proteins



12 
 

 

 

Figure 4. Molecular distribution patterns of the three major lipid families (n-alkanes, n-

alkanoic acids and n-alkanols) in the ancient microbial mat after integration of the peak 

areas (Figure 6A, B and C) and conversion to concentration units (µg of compound per 

g of sample, as dry weight).  
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Figure 5. Stable-carbon isotopic composition (δ13C) of the n-alkanoic acids in the ancient 

microbial mat. The isotopic composition of the bulk biomass (TOC) was also represented 

as a red circle. The standard deviation of triplicates of the δ13CTOC is hidden behind the 

circle.  
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Figure 6. Proportion of metabolic pathways in the desiccated microbial mat that belongs to “Other KEGG categories” in Figure 8 from the main 

text. The relative abundance of KEGG categories was calculated based on the sum of SAFs of the proteins that are annotated in each KEGG 

category. 
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