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‘All living beings, not just animals, but plants and microorganisms perceive. To 

survive, an organic being must perceive - it must seek or at least recognize, food and 

avoid environmental danger’. 

 

Lynn Margulis (1938 – 2011) 
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Abstract  

Organic-rich shales of sedimentary basins are the most abundant carbon-rich rocks 

throughout the world, formed as a consequence of different geological events. The 

repetitive sedimentation of the mudstones, clay particles, biological organic matter, 

microbial decomposition of the organic matter, and evaporation formed organic-rich 

shales of diverse origins in different geological eras. These organic-rich shales are an 

important source of gas, oil, and occasionally precious metals such as copper, gold, 

silver, uranium. Moreover, these shales may also provide environmental microbial 

communities with the sole source of carbon from their organic component. 

Unlike the air-exposed black shales in subterrestrial environments, deep-sea subsurface 

black shales are colonized by anaerobic halotolerant bacteria and methanogens. The 

subterrestrial organic-rich shales enrich completely different microbial communities 

belonging mainly to aerobic/microaerophilic chemoorganotroph and chemolithotroph 

categories. The subterrestrial black shales provide essential organics characterized as 

kerogen and bitumen, accessible for microbial growth through fractures and 

microfissures.  DNA analysis performed on the various black shales of different origins 

confirmed the microbial colonization by Firmicutes, Actinobacteria, and 

Proteobacteria communities. The inhabitant microorganisms are supposed to devour 

the hydrocarbons as a sole carbon source. Their contribution to the global carbon cycle, 

remediation of hydrocarbons, and facilitation of oil recovery from shales are being 

validated. 

In this study, the inhabitant microbial diversity of the subterrestrial organic-rich 

environments was metagenomically investigated to identify if the colonized microbiota 

is specialized to degrade hydrocarbons and could cope with different environmental 

stress factors. It was further established by analysing microbial colonization of organic-

rich shales with or without high heavy metal contents. In the first chapter, the organic-
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rich shale samples with low metal content from Monte San Giorgio were analysed. The 

microbial structure inhabiting the organic component of the shale was distinguished 

from that of the rocky shale surface and limestone rocks. Furthermore, the enrichment 

effect of the media of choice on the native shale and limestone microbiome gave 

insights into the metabolic capabilities of the oligotrophic versus fastidious 

communities. The organics of the shale are not easily degradable and accessible carbon 

sources which facilitate the specialized oligotrophic microorganisms to colonize slowly. 

The functional profiling of the inhabitant microbiota clearly shows the ability to 

degrade complex aromatic hydrocarbon compounds. 

The second chapter explored the native microbial communities in the metalliferous 

organic-rich shale of Marsberg Kilianstollen copper mine. The low temperature, toxic 

copper-enriched leachate, and low availability of organics adapted heavy metal resistant 

consortia that could also degrade the complex hydrocarbons. Ktedonobacteria biofilm 

formed near the acid mine drainage in Kilian copper mine was further investigated to 

reveal functional pathways from the metagenome-assembled genomes (MAGs).  

Due to the common observation of Ktedonobacteria high abundance in the cold 

Marberg Kilianstollen, Germany and other extreme hot springs environment Sasso 

Pisano, Italy, the diversity of newly discovered Ktedonobacteria in these ecosystems 

was further elucidated. The inhabiting Ktedonobacteria strains were found to be 

phylogenetically distinct at Marsberg and Sasso Pisano. However, it is hypothesized 

that they show functional conservation for the carbon monoxide oxidation (Cox 

operons), heavy metal resistance, aromatic compounds metabolism, and sporulation 

mechanisms. 
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1. Introduction 

1.1 Organic-rich Shales 

Shale rocks are formed by the sedimentation of at least 50% fine-grained particle 

spherical diameter size less than 0.062-mm. The organic-rich shale contains organic 

content ranging from >0.5 wt organic carbon (Huyck, 1990). A general definition of 

organic-rich shales is that they are fine-grained laminated sedimentary rocks, mainly 

comprised of a mixture of quartz silt, clay minerals, and organic particles of biological 

origin. Nevertheless, one definition can’t fit all organic-rich shales as the complex 

interplay of various geologic processes and variables determine the variable 

constituents and types (Schieber, 2003). Organic-rich shales are also called black or 

carboniferous shales and form a variety of sediments and sedimentary rocks. They may 

be related to high organic activities and biogeochemical cycling of carbon, oxygen, 

phosphorous, nitrogen, and sulphur; heavy metals such as molybdenum, iron, uranium, 

and vanadium may get included (Huyck, 1990).  

Organic-rich shales could be categorized into different types based upon the magnitude 

of organic matter maturation. The organic-rich shales deposits from the Cambrian 

period are already matured for extraction of oil and natural gas and are described as oil 

shales. Oil shales are heated to recover considerable crude oil and combustible gas 

through the destructive distillation of the solvent-insoluble organic component (Dyni, 

2006). Although the term “oil shale” incongruently hints that shale contains oil, it is a 

transformed form of ancient biomass/organic matter into pre-oil solid called kerogen 

that must be processed before usable crude oil could be synthesized (Foght, 2009). In 

contrast, bituminous shale is another form of oil shale that contains bitumen, which is 

solvent-soluble asphaltene-like colloidal hydrocarbons in patches or fissures. Bitumen 

is composed of organic solvent-soluble fractions of easily biodegradable oil-like 
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saturated and aromatic hydrocarbons that may facilitate the colonization of the 

bituminous shales by the subsurface microbial communities (Matlakowska & 

Sklodowska, 2011; Meslé et al., 2015). Note, the bitumen component of oil shale or 

bituminous shale has a distinctive biological origin than bitumen formed from the 

substantial biodegradation of the crude oil (McGenity, 2019).  

1.2 Origin of Organic-rich Shales 

Mostly black shales are marine sediments (Potter et al., 2012). In addition, lacustrine 

successions could also form prominent black shale deposits (Bohacs et al., 2000). The 

presence of the finely disseminated pyrite along the black organic matter in these shales 

led the geologists to conclude the requirement of the anoxic reducing bottom waters for 

the formation of ancient black shales (Schieber, 2003).  

Sedimentary rocks are formed by deposition of mainly mud mineral particles (silicates, 

carbonates) at the bottom of the water bodies (lakes, oceans) that are compacted and 

solidified over a geologic time scale (Nijenhuis et al., 1999). During the formation of 

sedimentary rocks, organic debris of biological origin (mostly decayed microbial 

biomass of marine/terrestrial origin) may get included. Though most of the biomass 

gets degraded in the “microbial loop” during sedimentation in anaerobic processes, a 

substantial quantity may eventually get buried and compacted when a high surplus of 

organic carbon is produced (e.g., during algal blooms) (He et al., 2019).  

Fundamentally, organic-rich black shales are formed from marine sediment layers 

(sapropels) of  >1 cm thickness and >2% Corg by weight, under variable oceanic 

conditions (Kidd et al., 1978). During the formation of the sediments, various microbial 

processes occur. If sulphate (from seawater) is available, sulphate reducing bacteria 

dissimilatory oxidize organic biomass with sulphate as an oxidative agent according to 

the following equation (Jørgensen et al., 2019; Rabus et al., 2006). 
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SO4
2- + 2CH2O (“Short” formula for organic biomass)         H2S + 2HCO3

-           (1) 

H2S + Me2+         MeS + 2 H+                                                                                                                           (2) 

Me-Metal 

The very reactive H2S precipitates ions of transition metals (like Fe2+) and insoluble 

metal sulphides (FeS2) are formed (Berg et al., 2020). Eventually, metal-rich ores, along 

with organic matter, are deposited in sediments according to equation (2) (Biswas et al., 

2009).  

Generally, rapid transgressions (sea-level rise and flooding of land) could also result in 

high input of organic material and fertilizing mineral compounds like P and N from 

land to sea. Several cycles of refilling, evaporation (and formation of the respective 

sediments) occurred until the basin is filled or the sea disappeared. It happened multiple 

times in earth history, for instance, during the Middle-Upper Devonian to Early 

Carboniferous times in the back-arc basin of the Rhenohercynian zone (360-300 Mio 

years ago) (von Raumer et al., 2017). Currently, the carbonaceous mud accumulation 

could also be observed in the Black Sea (Kaiser et al., 2017).  

The closure and sub-duction of the Rheic Ocean by the continental intraplate geological 

events along with consequential sedimentation and volcanism during the Late Silurian - 

Early Devonian and Early Carboniferous included many biozones and faunal 

assemblages (Nance et al., 2010) and constituted present Rhenish Massif (Rheinisches 

Schiefergebirge) in the Rhenohercynian zone (Königshof et al., 2016; von Raumer et 

al., 2017). Several repetitive cycles of organic matter sedimentation and biomass 

microbial anoxic degradation led to the formation of several intercalated basic volcanic 

rocks with metalliferous Lower Carboniferous black shale series in the Rhenish Massif 

(Urban et al., 1995).  These metalliferous Lower Carboniferous black shales have been 

mined extensively for their metal deposits, for instance, the copper-enriched black 

shales of Marsberg in the north-eastern Rhenish Massif region (Germany). The present 
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exposed terrestrial Lower Carboniferous black shale series in the Marsberg copper 

mines offers a unique opportunity to analyse the native microbial consortium in relation 

to their geochemical role in heavy metal tolerance and complex hydrocarbon 

catabolism. 

1.3 Organic-rich Shales as a Substrate for Microbes 

More than 80% of fossilized organic material in the sedimentary rocks is characterized 

as relatively inert kerogen. The rest is the lower molecular weight, solvent-extractible 

fraction of colloidal structure, bitumen (Behar et al., 2008; Hedges & Oades, 1997; 

Tissot & Welte, 1984).  

Kerogen is a highly heterogeneous solid by-product of the residual detritus organic 

matter whose composition and structure vary considerably within a source over a small 

distance. It is found in coal and mineral oil deposits and can be classified as types I–IV.  

The dispersed organic carbon of kerogen is not a polymer but contains a complex 

agglomerate of randomly arranged macromolecules (may contain metal 

ions coordinated to charged groups) (Philp, 2003). With the increasing maturity of 

heterogeneous macromolecular structures of kerogen, the apolarity, molecular weight, 

fused ring size, carbon content, cross-linking, density, and glass-to-rubber transition 

temperature tend to increase (Xing & Pignatello, 2005).  

The other relatively less abundant bitumen is composed of saturates, aromatics, resins, 

and asphaltenes (Atlas, 1981; Vandenbroucke & Largeau, 2007). The saturates are 

generally considered to be easily biodegradable, followed by monoaromatics (Jones et 

al., 2008; Leahy & Colwell, 1990), long-chain alkylmonoaromatics, and polycyclic 

aromatic hydrocarbons whereas recalcitrant and heavy compounds such as resins and 

asphaltenes are difficult to biodegrade (Gray et al., 2010; Walker et al., 1976).  
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In contrast, marine microbes in a polluted harbor were found to degrade complex 

aromatic hydrocarbons before the saturated compounds were attacked (Leahy & 

Colwell, 1990). A similar observation was made in the basins of San Juan and Powder 

River by the coal-bed methane microbial consortium (Formolo et al., 2008). It could be 

because the aromatic compounds are considered to be more reactive than resilient 

apolar sigma bonds of saturates and hydrocarbons biodegradability is also influenced by 

the type of microbes and abiotic factors (Gray et al., 2010). Strict anaerobes are 

reported to metabolize resins and asphaltenes as the sole electron donors and carbon 

sources (Magot et al., 2000). It affects the asphaltenes composition, structure, and 

spatial organization by the microbially produced oxidizable and fermentable 

metabolites, namely organic and fatty acids and methanogenic substrates (Liao et al., 

2009; Wawrik et al., 2012).  

Although kerogen is considered relatively inert and more difficult to degrade than 

bitumen due to its three-dimensional complex and compact structure, evidence of in situ 

aerobic microbial oxidation of kerogen at the exposed surface of Kentucky ‘‘New 

Albany’’ black shale was reported. The microbes could metabolize kerogen as a sole 

carbon source and assimilate carbon from it into cellular membrane lipids synthesis (S. 

Petsch et al., 2005).  Meslé et al. (2013) observed microbial enrichment and 

biodegradation of the kerogen type II rich black shales from the Lower Jurassic era of 

the eastern Paris basin. Based on the biostimulation technique, the anaerobic 

microcosms facilitated the mineralization of the kerogen into methane by a complex 

interplay of syntrophic firmicutes and methanogens (Meslé et al., 2013). Biostimulation 

is a culture-based approach that enhances specific microbial populations and their 

metabolic yield above detection levels by providing specified nutrients.  In another 

follow-up study, the anaerobic microbial consortium produced methane from the same 

black shale rocks of different maturities. The solvent-soluble fractions of easily 
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degradable maltenes and asphaltenes (bitumen) were depleted to enrich kerogen 

substrate in the shale. The microbial growth on kerogen-enriched shale was compared 

with that of unmodified organic-rich shale. Both bitumen and kerogen substrates were 

effectively converted to biogenic methane by the microbial consortium (Meslé et al., 

2015).  

Huda et al. (2020) isolated indigenous bacterial strains Bacillus flexus and Enterobacter 

cloacae from the Campanian bulk oil shale, Egypt. Theses microbial strains performed 

high biodegradation of different polycyclic aromatics such as iso-paraffins under 

aerobic conditions in the oil shale containing microcosms (El-Sheshtawy et al., 2020). 

Hence, it could be concluded that the organic-rich shales provide bitumen and kerogen, 

consisting of diverse organic compounds, among them hopanes, hopenes, and 

methylhopanoids that serve as microbial substrates to facilitate the microbial growth 

irrespective of aerobic and anaerobic conditions (McEvoy & Giger, 1986).  

1.4 Microbial Degradation of Organic-rich Shale  

Despite their low porosity and permeability, organic-rich shales can facilitate microbial 

growth as the sole carbon source (S. Petsch et al., 2005). These microbial communities 

eventually contribute to the black shale weathering process  (Matlakowska et al., 2010; 

Matlakowska & Sklodowska, 2009). The diversity of black shale inhabiting microbial 

communities differs considerably in different geological settings; therefore, they have 

been broadly classified as anaerobic and aerobic environments to conclude shared 

microbial consortium and degradation pathways. 

1.4.1 Anaerobic microbial degradation 

In the anaerobic deep subsurface organic-rich shale reservoirs, the anaerobic breakdown 

of complex hydrocarbon to methane occurs irrespective of the terrestrial and marine 

origin of the organic-rich shales. For instance, methane of microbial origin has been 
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confirmed in various studies at the lacustrine sedimentary basins (Martini et al., 2003; 

Römer et al., 2020; Vuillemin et al., 2018), deep marine water black shales (Meyers et 

al., 2004), and exposed deep terrestrial black shales (S. T. Petsch et al., 2005) as a 

consequence of tectonic perturbations and hydraulic fracturing (Ulrich et al., 2018). The 

major microbial processes related to anaerobic black shale decomposition are 

characterized primarily as fermentation, Fe/Mn reduction, sulfate reduction, and 

methanogenesis (Li et al., 2014; Takai et al., 2003). The associated methanogens 

diversity is attributed to three families:  Methanobacteriaceae, Methanomicrobiaceae, 

and  Methanosarcinaceae (Penner et al., 2010; Zengler et al., 1999).  The anaerobic 

bacterial diversity was found to be dominated by Firmicutes (Meslé et al., 2013), 

Proteobacteria (Struchtemeyer et al., 2011), Actinobacteria, (Li et al., 2014), and 

Bacteroidetes (Mouser et al., 2016) depending on the type of organic-rich shale and 

other abiotic factors. The anaerobic degradation of the fossilized organic matter can be 

expanded to diverse substrates such as coal formation waters (Jones et al., 2010), 

petroleum reservoirs production waters (Grabowski et al., 2005), and the sedimentary 

organic carbon of shale-sandstone resources  (Takai et al., 2003).  Although various 

abundant microbial populations are specialized to metabolize coal, oil, and organics-

rich shale, the underlying functional pathways are conserved for the anaerobic 

degradation of highly complex, recalcitrant organic polymers into methane (Meslé et 

al., 2015).  

1.4.2 Aerobic microbial degradation  

Usually, black shale reservoirs are deep buried subsurface anaerobic environments. 

However, these organic-rich strata may get exposed to lithosphere weathering 

conditions as a consequence of tectonic plate movements, changes in the sea level, 

mining, and other anthropogenic activities. Under the influence of exogenous abiotic 
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factors such as oxidation of organic matter or pyritic sulfur by the atmospheric oxygen 

and low pH, the high content of organic matter from the black shale is prone to 

degradation (Peucker-Ehrenbrink & Hannigan, 2000). In comparsion to anaerobic 

mineralization of the organic-rich shale to methane, the complex interplay of microbial 

communities involved in aerobic biodegradation is not extensively studied. Li et al. 

(2014) compared the innate microbial profile of the unexposed bottom zone to the 

surface oxidized weathered black shales of Chengkou County, Southwest China (Li et 

al., 2014). In all zones, 33 different taxa groups were detected in which Proteobacteria, 

Actinobacteria, and Firmicutes related bacteria Bacillus, Thiobacillus, Sulfobacillus, 

Serratia, Streptococcus, Yonghaparkia, Ferrimicrobium, and Nocardioides were 

abundant. The surface oxidized top zone of black shale contained more facultative and 

aerobic bacteria such as abundant strictly aerobic bacteria Nocardioides and 

Segetibacter. The middle region acidic zone was inhabited by many acid-tolerant or 

acidophilic microbes, such as Anoxybacillus, Ferrimicrobium, Bacillus, Sulfobacillus, 

and Thiobacillus involved in pyrite oxidation. Some of the microaerophiles/aerobes 

were identified in the anaerobic bottom zones due to oxygen diffusion through the 

micro-fissures. The black shale weathering processes were attributed to the organic 

matter degradation by heterotrophs and pyrite oxidation by chemolithotrophs, involved 

in S and Fe biogeochemical cycling (Li et al., 2014). In comparison to Li et al. 2014, 

Brazilian Permian Irati Formation shale by-products found 15 common bacterial phyla. 

Proteobacteria, Firmicutes, and Actinobacteria were the most abundant in both shales 

in China and Brazil (Goes et al., 2018).  The subterrestrial copper-rich black shales 

from the Lubin copper mine were dominated by Proteobacteria and Actinobacteria, 

represented by several bacterial genera like Limnobacter, Pseudomonas, Thiobacillus, 

Yonghaparkia, Sulfuricaulis, and Bradyrhizobium. The chemoorganotrophic bacteria, 

archaea (Nitrososphaera), and fungi (Aspergillus) metabolized aliphatic and aromatic 
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hydrocarbons. On the other hand, the chemolithotrophic bacteria primarily oxidized 

reduced sulfur compounds and contributed to the dehydrogenation and oxidation of 

kerogen and sulfide minerals (Włodarczyk et al., 2018).  

Some cultivable bacteria from Late Devonian New Albany Shale black shales were 

gamma-Proteobacteria (Pseudomonas, Acinetobacter sp.), Firmicutes (Clostridium 

sp.), and beta-Proteobacteria (Dechloromonas, Comamonas sp.) (S. Petsch et al., 

2005).   Ralstonia picketii was cultured from the Lower Autunian Autun black shale 

(France) (Berlendis et al., 2014). Five strains isolated from Kupferschiefer black shale 

of Lubin copper mine were identified as gamma-Proteobacteria (Pseudomonas, 

Acinetobacter spp.), Firmicutes (Bacillus sp.), and two Actinobacteria (Microbacterium 

sp.) (Matlakowska & Sklodowska, 2009).  

Moreover, the yeast Rhodotorula mucilaginosa has also been isolated from Lubin 

copper mine subterrestrial black shale (Rajpert et al., 2013). There are not enough 

studies that analyze the wholistic bacterial biodiversity of the subterrestrial desiccated 

black shale and characterize their functional roles.  

1.5 Microbial Pathways Involved 

 

Maltakowska et al. (2009) examined the mechanism involved in the successful 

microbial colonization, biofilm development, and metabolism of fossilized organics in 

copper-bearing black shale by testing indigenous isolates (Matlakowska & Sklodowska, 

2009). The isolates were able to grow in the mineral medium supplemented with 

copper-bearing black shale as a sole carbon and energy source. The bacterial 

community also accumulated phosphorus inside the cells from the organic matter and 

produced chelating agents, siderophores (Matlakowska & Sklodowska, 2011). 

1.5.1 Heavy metal resistance 
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The isolates from copper-bearing black shale showed high levels of resistance to 

inorganic arsenic [As(III) and As(V)] up to 500 mmol l-1. Multi-resistance against 2-7 

mmol l-1 concentration of Co, Cu, Ni, and Zn was also observed. The biodegradation of 

the pyrrole ring of the metalloporphyrins present in kerogen was confirmed by the 

complete or partial degradation of the haem ring (Matlakowska & Sklodowska, 2009). 

From metalloorganic compounds and metalloporphyrins such as Cu(II) meso-tetra(4-

carboxyphenyl)porphine and Co(III) protoporphyrin-IX chloride microbes were able to 

retrieve organic carbon as the sole energy source while metals (Cu, Co, Ni, V, As) were 

released in the aqueous phase of bacterial culture. Up to 74% of copper was mobilized 

from black shale substrate to the aqueous phase by bacterial activity that indicates the 

potential of precious metals biorecovery from tailings that contain up to 16% black 

shale (Matlakowska et al., 2010). 

1.5.2 Aliphatic and Aromatic Compounds Metabolism 

The dioxygenase activity was important to degrade phenanthrene, an aromatic 

hydrocarbon present in black shale ore (Sklodowska et al., 2005). All isolated strains 

possessed esterase (such as naphthol phosphohydrolase) and leucine/valine arylamidase 

activities that were also important to degrade the complex heavy chain hydrocarbons, 

organic acids, and esters present in black shale (Matlakowska & Sklodowska, 2009). 

The released organic carbon compounds, identified by GC-MS, as carboxylic acids, 

aromatic acids, alcohols, and long-chain aliphatic hydrocarbons indicated the potential 

to bioremediate the hydrocarbon contaminated sites (Matlakowska et al., 2013). In 

addition to assimilation of organic acids and esters, the biodegradation of polycyclic 

aromatic compounds was confirmed with the released intermediates and products such 

as phosphonic acid dioctadecyl ester and isoindole-1,3 in the aqueous phase of cultures 

(Matlakowska & Sklodowska, 2011). Proteomic analysis of the cellular proteins 
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isolated from the bacterial cultures identified the enzymes responsible for the initial 

aerobic decomposition of aliphatic small and long alkanes/alkenes (C2-C10, >C10) (e.g., 

cytochrome P450, FAD-binding monooxygenase) and polycyclic aromatic 

hydrocarbons (3,4-dihydroxyphenylacetate 2,3-dioxygenase, catechol 2,3-dioxygenase, 

2,3-dihydroxybiphenyl 1,2-dioxygenase, etc.). The hydroxylated aromatic ring in the 

intermediates (aromatic acids, bisphenols, etc.) could be cleaved by cellular enzymes 

such as aromatic acid decarboxylase, arylesterase (Stasiuk et al., 2017; Włodarczyk et 

al., 2016).  

 In the end, the byproducts, alcohols, and aldehydes could be utilized by the enzymes 

(aldehyde dehydrogenase, zinc-binding alcohol dehydrogenase, aldehyde oxidase) to 

produce carboxylic acids that could generate energy and assimilate into biomass 

through tricarboxylic acid (TCA) cycle (Włodarczyk et al., 2016). Detected lipases and 

hydrolases could be responsible for the enzymatic hydrolysis of esters and lipids 

(Stasiuk et al., 2017). 

1.5.3 Iron sulphur oxidation 

Pyrite is usually present in black shale as a major component and plays a crucial role in 

shaping the microbial community structure. The GC-MS detection of the iron-binding 

proteins (ferric siderophore receptor protein, ferrous iron transporter B, TonB-

dependent siderophore receptor, bacterioferritin) in the cellular extract of bacterial 

culture supplemented with the black shale ore indicated that bacterial cells incorporate 

iron (Włodarczyk et al., 2016). The microbial consortia are involved in the iron and 

sulphur biogeochemical cycling during the black shale weathering process. 

Heterotrophic and chemolithoautotrophic microorganisms perform active biooxidative 

dissolution of pyrite through a variety of metabolic approaches, such as acidophilic S 
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and Fe oxidation and neutral Fe oxidation, as well as acidophilic Fe reduction (Li et al., 

2014)  

Acidithiobacillus oxidizes sulphur compounds and decreases pH via producing 

sulphuric acid during growth on reduced sulfur compounds. The sulfuric acid dissolves 

metals from metalliferous black shale according to equations (3) and (4)  (Chen & Lin, 

2001), resulting in the release of acidic, metalliferous fluids from rocks (acid rock 

drainage ARD) into the surrounding environment (Kwong et al., 2009). 

                         S-oxidizing bacteria 

2S +3O2 +2H2O                            2SO4
2− + 4H+                                                                                         (3) 

H2SO4 + Sediment−Me                   Sediment−2H + MSO4                                          (4) 

Me-Metal        

 

At low pH, the bacteria perform acid-consuming oxidation of ferrous ion (Fe2+) 

(Eq. (5)) that results in the pH increase (Marhual et al., 2008). Commonly, soluble 

metal sulfide minerals are oxidized by ferric ion (Fe3+) to soluble metal sulfates and 

reduced ferrous ion (Fe2+) (Eqs. 6 and 7) (Kinnunen et al., 2006). Thus, low pH 

promotes cyclic oxidation/reduction reaction and raises the solubilized metal 

concentrations with time (Marhual et al., 2008).  

                           Fe-oxidizing bacteria 

2Fe2++0.5O2+2H+                              2Fe3++H2O                                                       (5) 

FeS2+8H2O+14Fe3+                                        15Fe2++2SO4
2−+16H+                                       (6) 

CuFeS2+4Fe3+                         Cu2++5Fe2++2S0                                                          (7) 

 

The produced elemental sulfur (S0) forms a nonreactive layer covering metal sulfides. 

Moreoever, a high concentration of heavy metals and lower pH will eventually 

inactivate even acidophilic and heavy metal resistant bacteria and cause decreased 

metal solubilization (Amin et al., 2018; Chen & Lin, 2001). 
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In short, in order to successfully metabolize organic-rich shales, the microbes should be 

able to 

1) break complex organics such as phenanthrene in black shale as sole carbon and 

energy source, 

2) resist toxic concentrations of metalloids and metals (in case of metalliferous 

organic-rich shales), 

3) assimilate organic acids proficiently, and 

4) express diverse catabolic enzymes such as esterase, lipases, and dioxygenase 

 (Matlakowska & Sklodowska, 2009). 

1.6 Economic Importance and Environmental Impact 

Organic-rich shales are of historical and commercial importance as they form roughly 

70 % of the sedimentary rock carbon-rich rocks deposits worldwide (Klemme & 

Ulmishek, 1991). The 3.2-billion-year-old Fig Tree Series of South Africa is the oldest-

known Carboniferous shale.  All of the organic-rich shales have not been completely 

transformed into oil or coal, still, a significant proportion of fossilized organic matter 

remained immature and offers a huge and yet untapped biological reactive fossil carbon 

resource, which exceeds both the oil and coal resources  (Rice & Claypool, 1981). 

Today, oil shales are being extensively exploited to generate oil and gas to meet current 

energy demand. The Green River formation, an oil-shale formation in Utah, Colorado,  

and Wyoming is a valuable source of synthetic crude oil. In Poland and eastern 

Germany, the Kupferschiefer, a bituminous shale is used for mining zinc, lead, and 

copper. 

Microbial consortia associated with the organic-rich shale have economic and 

environmental importance in recovering potential hydrocarbon or shale gas energy 

sources. Microbially produced methane accounts for 20% of the total methane resource 
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and it may get trapped and accumulated over time in the low permeable rock of tight 

siltstones, sandstones, and shales (Rice & Claypool, 1981).  Although it is a common 

perception that the natural gas produced from black shales has a thermogenic origin, 

Martini et al. (2003) proved that methane from the economic gas deposits located near 

the Michigan shale basin margins is produced by the microbial degradation of the 

thermogenic ethane and propane (Martini et al., 2003). Microbes serve as a double 

edge; they help to recover hydrocarbon sources and aid in methane generation but also 

degrade/spoil hydrocarbon sources. For instance,  deep subsurface shale microbiology 

is important for maximizing production from hydrocarbon formations from hydraulic 

fracturing. Despite the addition of biocides during hydraulic fracturing, H2S-producing, 

fermenting, and methanogenic prokaryotes still cause fouling of the organics in shale 

(Ulrich et al., 2018). This process inoculates and enriches halotolerant microorganisms 

in these reservoirs over time, resulting in a saline ecosystem.  

Eventually, the biotransformation of organic-rich shale impacts global climate change, 

water quality, the biogeochemical cycles of various metals, and human health by 

redistributing elements and toxicants into the environment (Dalai et al., 2002; Georgiev 

et al., 2012). Being important reservoirs of pyrite deposits, black shale weathering is 

expected to produce sulphuric acid and release toxic trace metals and metalloids (Cd, 

Pb, and As) as a consequence of pyrite oxidation (Li et al., 2020; Tuttle et al., 2009). 

Subsequently, the discharge of acid rock drainage containing toxic heavy metals may 

contaminate and damage the local water resources, land environments, and biodiversity 

(Lavergren et al., 2009). Therefore, characterizing the prevalence and role of microbes 

in these ecosystems is essential for understanding their biogeochemical cycles and 

impacts. For instance, nine percent of rivers in England and Wales may pose serious 

threats to human health and the ecosystem due to acid mine discharge from abandoned 

mines (Johnston & Rolley, 2008). 
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1.7 Aims of the Study 

 

The contribution of the microbial degradation of organics in shale under subsurface 

anaerobic conditions has been widely studied, however comprehensive investigation of 

the microbial colonization of the terrestrial and subterrestrial black shale and how they 

thrive energy from the organics is pending. Although several bacterial isolates have 

been studied for their potential to utilize black shale ore as a sole carbon source, 

metagenomic tools had not been extensively utilized to give a wholistic microbial 

diversity of oil shales. If we want to deeply characterize the microbial functions in 

overall black shale weathering processes, detailed information regarding the community 

structure and spatial variations of these microorganisms are essential.  Therefore, we 

investigated the native lithobiontic microbial communities in the outcropping Monte 

San Giorgio organic-rich shale to address several major questions. 

(i)         the structure of the microbial populations in the rocks  

(ii)         the influence of abiotic factors on the microbial diversity 

(iii)  the effect of artificial media on the native microbiome enrichment 

(iv)  the processes of the aerobic oxidation of fossil hydrocarbons 

 

Similarly, the influence of microorganisms on the downstream of acid mine drainage 

produced from Kupferschiefer black shale is even more limitedly investigated. The 

Marsberg copper mine offers a subterrestrial copper-bearing black shale environment 

where microbial communities around acid mine drainage and mine waters could be 

thoroughly investigated to 

(i) define the native taxonomic microbial profile  

(ii) characterization of unidentified Chloroflexi Ktedonobacteria members 



23 
 

(iii) understand the underlying survival and colonization mechanisms  

(iv) metabolic processes involved in the fossil hydrocarbons degradation 

The bacterial communities were investigated metagenomically through Ilumina 

sequencing. The metagenomes were assembled, annotated, and compared. The 

pathways related to hydrocarbons metabolism and heavy metal tolerance were 

hypothesized to be an important approach to the microbial survival and biodegradation 

of black shale organics.  The identification of Ktedonobacteria at Marsberg cold copper 

mine and Sasso Pisano geothermal field led to more investigation for their phylogenetic 

characterization, heavy metal resistance, and hydrocarbon degradation. 
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Figure S1.  Heatmap of the Monte San Giorgio geomicrobiology at the order level. The known already 

reported anaerobic and the aerobic/facultative orders involved in the hydrocarbon metabolism are 

highlighted in yellow and blue respectively.  
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Figure S2. Heatmap of the orders, enriched in the nutrient-rich complex and oligotrophic media from 

Monte San Giorgio rock samples, after the third and final round of enrichment. 
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Figure S3. Map of sampling site (Acqua del Ghiffo) in the Monte San Giorgio mountain range. The map 

was reproduced from OpenTopoMap (https://opentopomap.org), under creative common license CC BY-

SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0/legalcode), subsequently marked with the 

sampling site and area. 

 

Table S1. Alpha diversity indexes of the Monte San Giorgio environmental samples 

    

 Observed OTUs Chao1 ACE Shannon Simpson 

Outside 2712+141.5 3105+55 3175+49 6.5+0.005 0.004995 +0.000087 

Inside 2012+65 2522+18 2575+16 6.1+0.005 0.0071915+ 0.0001615 

Negative 1991+18 2440+65 2483+62 6.04+0.017 0.007062+0.000346 

 

 

Table S2. Analysis of molecular variance and unifrac analysis of the Monte San Giorgio 

environmental samples  
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Analysis of Molecular Variance (AMOVA) 

C-P-T Among Within Total 

SS 0.719341 0.853931 1.57327 

df 2 6 8 

MS 0.359671 0.142322 

 

Fs: 2.52716 

p-value: 0.005* 

 

C-P Among Within Total 

SS 0.378582 0.537901 0.916483 

df 1 4 5 

MS 0.378582 0.134475 

 

Fs: 2.81526 

p-value: 0.099 

 

C-T Among Within Total 

SS 0.445195 0.636744 1.08194 

df 1 4 5 

MS 0.445195 0.159186 

 

Fs: 2.7967 

p-value: 0.101 

 

P-T Among Within Total 

SS 0.255234 0.533217 0.788451 

df 1 4 5 

MS 0.255234 0.133304 

 

Fs: 1.91468 

p-value: 0.086 

 

Unifrac.weighted 

Tree# Groups WScore WSig 

1 C-P 1.000000 <0.0010 

1 C-T 1.000000 0.0190 

1 P-T 0.889840 <0.0010 

C Negative control T Outside P Inside 
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Table S3. Details of Enrichment Media 

 

 

Medium Components per litre distil 

H2O 

Features Growth References 

9K (NH4)2SO4, KCl, K2HPO4, 

MgSO4⋅7H2O 

Ca(NO3) 2, FeSO4⋅7H2O 

H2SO4 (1N) 

Acidic medium Iron-oxidizing 

bacteria 

Silverman, M.P. 

& Lundgren, 

D.G. 1959 35 

Yates, J.R. & 

Holmes, D.S. 

1987 36 

K MnSO4⋅H2O, FeSO4⋅7H2O, 

peptone, yeast extract, and 10 

mM HEPES buffer, pH 7.5 

Manganese 

containing complex 

media 

Heterotrophic 

Mn oxidizers 

Rosson, R.A., 

Tebo, B.M. & 

Nealson, K.H. 

1984 37 

PYGV Peptone, Yeast Extract, Mineral 

Salt and Vitamin Solution 

Low-nutrient 

medium 

Slow growing 

and sheathed 

bacteria 

Ghiorse, W.C. & 

Hirsch, P. 1982 38 

Succinate 

Minimal media 

Succinate, FeSO4, MnCl2, NHCl, 

KCl, K2HPO4, Hepes Buffer, 

Vitamin Solution 

Basal minimal 

medium 

Mn binding and 

metabolism 

Kepkay, P.E. & 

Nealson, K.H. 

1987 39 

Fe basal media Na2HPO4⋅12H2O, KH2PO4, 

NH4Cl, MgSO4⋅7H2O, 

CaCl2⋅2H2O, Fe(III)-NH4-

Citrate, SL-10 Trace Elements 

Solution 

Sodium acetate as 

carbon source  

Fe(III)-NH4-

Citrtate as 

electron 

acceptor 

 

Customized for 

this study 

Crude oil with 

Minimal Media 

 

MgSO4, CaCl2, KH2PO4, 

K2HPO4, NH4NO3, and FeCl3, 

1% crude oil and pH adjusted 

to 7-7.2 

 

Complex organics 

containing media 

Crude oil 

degrading 

Bacteria 

Liu, Z., Jacobson, 

A.M. & Luthy, 

R.G. 1995 40 

Luria-Bertani 

LB medium 

 

 Tryptone, yeast extract and 

NaCl 

Nutritionally-rich 

medium 

Fast growing 

bacteria, 

fastidious 

protein 

degraders 

Bertani, G. 1951 

41 
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Figure S1. Map of sampling site (Kilianstollen, Marsberg) in the Rhenish Massif mountain range. 

Reproduced from OpenTopoMap (https://opentopomap.org), under creative common license CC BY-SA 

3.0 (https://creativecommons.org/licenses/by-sa/3.0/legalcode), the map was subsequently modified with 

the sampling sites (red pushpins) and simplified underground Kilian copper mine adit. 
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Figure S2. Canonical correspondence analysis of the biological samples collected at the leachate and 

spring water site. The heavy metals concentrations were taken as the abiotic factors against the 

abundance of Proteobacteria, Actinobacteria, and Ktedonobacteria for the representative of leachate 

(MB1, MBS18) and spring water (MBS1, MBS2, MBS3) groups. 
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Figure S3. Actual abundance of Ktedonobacteria and Actinobacteria OTUs at genus level.  The actual 

abundance of OTUs belonging to Ktedonobacteria (a) and Actinobacteria (b) class were observed at 

genus level, without any normalization, to analyse the low abundant OTUs. The pie chart insert shows 

the overall abundance of the major genus OTUs. 
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Figure S4. Rarefaction Curve Analysis. The samples are plotted in terms of OTUs observed (species 

richness) and sampled reads (sequence sample size). 

 

Figure S5. Phylogenetic tree of the small subunit SSU ribosomal RNA genes of OTUs. 

Ktedonobacteria (a) and Actinobacteria (b). Maximum-likelihood phylogenetic tree constructed based 

on V3-V4 amplicon sequences OTUs of Ktedonobacteria 16S rRNA gene (a) with the validly published 

Ktedonobacteria species. For the Actinobacteria class OTUs (b), the highest blast hits sequences were 

used. Bootstrap values are given at the branching points.  
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Figure S6. Overview of metagenome-assembled genomes and their key features 

 

Table S1. Alpha diversity indexes of the Marsberg environmental samples 

 p-value: [ANOVA] F-value 

Chao1 0.00030265 18.499 

ACE 0.0002466 19.409 

Shannon p-value 0.025179 5.242 

 

 

Table S2. Analysis of molecular variance and unifrac analysis of the Marsberg samples  

Unifrac.weighted   

Tree# Groups UWScore UWSig 

1 L-M 0.953519                0.0970       

1 L-W 0.980299  0.0340       

1 M-W 0.981865  0.1450 
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AMOVA (Analysis of Molecular Variance)  

L-M-W Among Within Total 

SS 1.37542 2.93434 4.30976 

df 2 11 13 

MS 0.687712   0.266758 

 

Fs: 2.57803 

p-value: <0.001* 

 

L-M Among Within Total 

SS 0.331903 1.82319 2.15509 

df 1 8 9 

MS 0.331903 0.227898 

 

Fs: 1.45637 

p-value: 0.077 

 

L-W Among Within Total 

SS 0.979114 2.52913 3.50824 

df 1 9 10 

MS 0.979114 0.281014 

 

Fs: 3.48422 

p-value: 0.002* 

 

M-W Among Within Total 

SS 0.738092 1.51637 2.25446 

df 1 5 6 

MS 0.738092 0.303274 

 

Fs: 2.43375 

p-value: 0.024 

L Leachate M unconsolidated rocks W Spring water 

 

 

 
 
 
 
 
 
 
 
 



87 
 

3.1 16S rRNA Amplicon Sequencing of Microbial Biofilms from 

Marsberg Copper Mine, Germany       
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3.2  Metagenome-Assembled Genome Sequences of a Biofilm Derived 

from Marsberg Copper Mine, Germany   
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Table S1. Complete details of the sampling sites 

 Type pH Source 1 

Sp1 Yellowish brownish 

Biofilm 

5 – 6 Biofilm just above hot 

spring A vent 

SP2 Yellowish-beige 

Precipitates on rocks 

- Nearby the hot spring A 

Sp11 Grey greenish  

discharge 

7.4 Hot spring B vent 

Sp12 Grey reddish mud - Around the hot spring B 

outlet 

Sp25 Black muddy water 6.7 Hot spring C  

Sp26 Black muddy 

discharge 

6.7 20cm away hot spring C 

Sp27 Brownish sediment 

and water 

6.7 60cm away downstream 

spring C 

Sp38 Leaves mixed with 

black discharge 

- Downstream hot spring 

D  

Sp310 White discharge  - Hot Spring D outlet 

Sp513-15, Sp517, 

Sp719, Sp819-21, Sp3 

Sp122 

Soil samples  All over  

Sp4 Water with greenish 

biomass 

7 Water stream 

Sp5 Greenish biofilm 2 Fumarole 
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Figure S1. Rarefaction curve 

 

 

Figure S2. Number of sampled reads of the Ktedonobacteria members. Insert shows the relative abundance 

of the Ktedonobacteria at the genus level from all samples. 
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Figure S3. Differentially abundant genes involved in the methane metabolism. The differentially 

abundant genes KO numbers were mapped on the KEGG methane pathway map for hot springs (red) and 

soil (green) microbiome. The hot spring microbiome was found to be abundant in the genes involved in 

the anaerobic methane degradation as compared to the aerobic methane degradation in the soil 

microbiome. 
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Figure S4. Relative abundance of differentially abundant genes involved in the aromatic compounds 

metabolism. 
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Figure S5. Eukaryotic rarefaction curve of a hot steam fumarole and neutral water stream. The number of 

OTUs are plotted against the reads on the x-axis. The extreme site SP5 samples OTUs have raised very 

quickly between 0 and 2500 reads and has almost reached saturation from 10,000 reads while the SP4 

samples OTUs have a flatter rise and do not reach saturation. 
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5. General Discussion 

5.1 Determining Abiotic Factors of Organic-rich Shales 

Due to the worldwide occurrence of organic-rich shales, their geographical and abiotic 

circumstances vary immensely under the influence of diverse geological and/or 

anthropogenic activities. For instance, subsurface marine and terrestrial organic-rich 

shales are being exposed to microbial communities through hydraulic fracturing for oil 

and gas recovery (Akyon et al., 2015; Mouser et al., 2016). The abiotic factors are 

determining the composition of microbial communities which will colonize and prevail 

in the organic-rich environment.  In the case of hydraulic fracturing, the temperature at 

the subsurface site could reach 90 °C and the saline conditions select thermophilic 

halotolerant bacterial groups (Halanaerobium, Halomonas, Halolactibacillus) related to 

hydrocarbon oxidation, fermentation, and sulfur-cycling metabolisms from the pumped 

water (Ulrich et al., 2018).  In contrast, the determining abiotic factors at the exposed 

terrestrial organic-rich shale could be the availability of moisture, soil contamination, 

presence of heavy metals or pyrite, temperature, and light (Li et al., 2014). The 

anthropogenic activities could either influence positively or adversely these abiotic 

factors, as mining activities could expose organic-rich shales to atmospheric oxygen 

that would oxidize organic components and facilitate colonization by aerobic 

microorganisms. Since under the scope of this thesis, the terrestrial organic-rich shales 

were investigated, a comparison of geographical and abiotic factors prevailing at Monte 

San Giorgio and Marsberg Kilianstollen copper mine sites is required to understand 

their influence on microbial diversity and organic-rich shales. Under different 

geological circumstances, Monte San Giorgio rocks were uplifted above sea level and 

Marsberg Devonian and Carboniferous rocks got exposed to the lithospheric conditions, 

primarily due to tectonic plate movements (Emmerich, 1987). As a result, the intact 

anaerobic environment of deep-buried subsurface fossil and copper-bearing organic-
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rich shales changed to the aerobic bare atmospheric conditions (Rieber, 2000). Monte 

San Giorgio has been excavated for its well preserved mid-Triassic, 245 to 230 million 

years old fossils (Sander & Greenwood, 1989). Marsberg carboniferous shale has been 

extensively mined from 1150 until the 1960s for its copper reserves (Stribrny et al., 

1988). Monte San Giorgio shale is directly exposed to terrestrial weathering conditions 

and sunlight. Marsberg Kilian copper mine offers subsurface terrestrial dark tunnels 

with mine water seeping and artificial illumination. A major difference is that Monte 

San Giorgio organic-rich shale does not enrich metals or has lower amounts of evenly 

disseminated pyrite crystal (Stockar, 2010) in comparison to the metalliferous black 

shale of Marsberg (Emmerich, 1987). Marsberg Kilian tunnel has a constant cold 

temperature of 10 °C and that of Monte San Giorgio ranges from -8 to 23 °C depending 

on the season (data according to National Centers for Environmental Information, 

Asheville, NC, USA, www.ncdc.noaa.gov). The mine waters of the Kilian tunnel 

ranges from fresh ground water to heavy metal-containing leachate, depending upon the 

rocks that come in contact with the rain/ground water. Human activities, such as regular 

visits from tourists can bring soil microbiome into these environments as well as 

seeping rain/ground water could also bring microbial influx. 

 Based on these abiotic factors, it could be hypothesized that the native lithobionthic 

microbiome at both locations may be specialized to degrade and metabolize 

polyaromatic hydrocarbons, derived from kerogen and bitumen. In contrast to Monte 

San Giorgio, the Marsberg microbiome may have evolved resistance against heavy 

metals (especially copper) and play a major role in Fe-S cycling. The comparison of 

microbial communities inhabiting both organic-rich shales would help to understand 

whether the lithobionthic microbial communities are derived from soil/water sources or 

are indigenous inhabitants. 
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5.2 Major Abundant Microbial Communities 

The major common abundant taxa at Monte San Giorgio and Marsberg organic-rich 

shales were Acidobacteria, Actinobacteria, Chloroflexi, Proteobacteria, Firmicutes, 

and Bacteroidetes (Figure 1 and 4 from chapter 2 and 3, respectively). These taxa were 

also found to be involved in remediating hydrocarbon contaminated water bodies (Eze 

et al., 2021), coalbeds (Imachi et al., 2019), oil spills (Liu & Liu, 2013), black shale 

weathering (Li et al., 2014), and acid mine/rock drainage (Aguinaga et al., 2018). 

Acidobacteria, Actinobacteria, and Proteobacteria are common soil inhibiting 

microorganisms (Lauber et al., 2009). In Monte San Giorgio organic-rich shale, the 

major proteobacterial genera (30% of the whole bacterial community) Acidiphilium, 

Pedomicrobium, Variibacter, Reyranella, Pseudolabrys (α-25%), Achromobacter, 

Dechloromonas, Thiobacillus (β-5%), Halomonas, Shewanella, Chromatium, 

Legionella, Shigella, Stenotrophomonas, Arcobacter, Acinetobacter, Pseudomonas, 

Moraxella, (γ-54%), Desulfocapsa, Geobacter, Anaeromyxobacter (δ-14%), and 

Perlucidibaca (ε-1%) are supposed to be involved in organic and sulphur compounds 

metabolism including polyaromatic ring catalysis (Figure S1). The biodegradative role 

and heavy metals resistance of Alphaproteobacteria, predominantly Acidiphilium, has 

been previously studied in relation to natural oil seepages and could be applied to 

remediate hydrocarbon-polluted acidic mine sites (Giovanella et al., 2020). 

Gammaproteobacteria, especially Pseudomonas, which was also the most abundant 

genus at the Monte San Giorgio site has been reported to contain ring-hydroxylating 

and ring-cleavage dioxygenases in a study of diesel-contaminated soil rhizoremediation 

metagenome (Garrido-Sanz et al., 2019). Moreover, n-alkane degrading genes were 

also found relevant to Gammaproteobacteria along with Betaproteobacteria which has 

been known for anaerobic aromatic hydrocarbon degradation under nitrate-reducing 
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conditions (Liu et al., 2014; Tan & Parales, 2019). Delta- and Epsilonproteobacteria 

also have been reported to oxidize organic matter and degrade crude oil.  

Most of these observed Proteobacteria genera are commonly abundant in soil which 

may indicate that the Monte San Giorgio organic-rich shale microbial consortium is 

derived from soil. This hypothesis could be true as the beta diversity indicated that the 

microbial consortium at soil contaminated outside of shale showed significant similarity 

to that of inside organic-rich shale (Chapter 1, Figure 4). 

In contrast to Monte San Giorgio organic-rich shale microbiome, the major phylum in 

the Marsberg leachate group was Chloroflexi (30%) where Proteobacteria represented 

only 10%. Interestingly, Ktedonobacteria and KD4-96 represented >85% and >33% of 

the Chloroflexi at the Marsberg leachate and Monte San Giorgio organic-rich shale 

respectively. KD4-96 class has been frequently detected in polycyclic aromatic 

compounds (Lemmel et al., 2019) and metals (iron, aluminum) contaminated soils 

(Wegner & Liesack, 2017) as well as mining-affected waters (Kujala et al., 2018). On 

the other hand, Ktedonobacteria were associated with di-(2-ethylhexyl) phthalate 

(DEHP) biodegradation in agricultural soils (Song et al., 2019) and diesel oil (over 90% 

C10–C28 hydrocarbons) contaminated soil (Borowik et al., 2020). Several members of 

Chloroflexi including Ktedonobacteriales have shown cellulolytic phenotype by 

gaining energy and carbon solely from crystalline cellulose (Yabe et al., 2010, 2011).  

The co-abundance of Chloroflexi and Cyanobacteria at the Marsberg biofilms growing 

nearby leachate streams indicate a cross-feeding symbiotic relationship where 

autotrophic Cyanobacteria ferments stored carbohydrates at night into organic acids 

which are taken up by heterotrophic Chloroflexi to assimilate carbon as 

polyhydroxyalkanoates (Klatt et al., 2013). In return, heterotrophic Chloroflexi may 

provide protection to Cyanobacteria against low pH and heavy metal stress as 

Oxyphotobacteria prefer neutral to alkaline environments (Cano‐Díaz et al., 2020) and 
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accumulate heavy metals intracellularly (Yadav et al., 2021). Cyanobacteria and 

Chloroflexi members are known as typical pioneering colonizers where the 

heterotrophic Chloroflexi are usually sporulating (Medrano-Santillana et al., 2017).  

The low similarity indexes of Ktedonobacteria and Actinobacteria OTUs related to the 

Marsberg leachate group through phylogenetic tree analysis indicates that the native 

biofilms are indigenous and unique rather than commonly abundant soil communities. 

To elaborate the distinctiveness of the native microbiome, Ktedonobacteria MAG 

would be discussed later in comparison to typed strain Ktedonobacter racemifer, 

previously isolated from soil. 

5.3 Comparative Functional Analysis   

To test the hypothesis that the native lithobiontic microbiome at both organic-rich 

shales should be specialized in degrading complex hydrocarbons derived from kerogen 

and bitumen, the important functional pathways related to polycyclic aromatic 

compounds biodegradation were plotted (Figure S2). The differential abundance 

analysis clearly showed that the Monte San Giorgio organic-rich shales (inside layers) 

microbiome has evolved specialized pathways related to cleavage of the hydrocarbon 

rings (benzoate, biphenol, xylene, styrene, naphthalene) as compared to limestone and 

surface shale microbiome. In the Marsberg Kilian microbiome, the metabolism of the 

aromatic compound was found to be ubiquitous in three groups (leachate, 

unconsolidated rocks, and spring water) depending on their sampling sites.  However, 

in the spring water group, the rising trend of aromatics metabolism correlated with the 

increasing heavy metal concentrations and Actinobacteria (Crossiella spp.; major 

abundant genus in MBS3,4) abundance. Crossiella spp. are characterized as rare novel 

Actinobacteria which have been detected from stone monuments causing Ca2CO3 

precipitation (Li et al., 2018). They were also found in cave soil where they were 
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involved in hydrocarbon degradation (Wiseschart et al., 2019) and in Oman sea 

sediments among other antioxidant and cytotoxin producing isolates of Actinobacteria 

(Gozari et al., 2019). However, exact pathways and genes related to polycyclic aromatic 

compounds metabolism have not been investigated yet (Kämpfer, 2010).  

Proteobacteria diversity also changed from major subclass Delta to more specialized 

hydrocarbons degrading Gamma (MBS2,3,4) and heavy metal tolerant 

Alphaproteobacteria (MBS4).  The unconsolidated rock and copper-leachate biofilms 

group also showed some potential of aromatic compounds metabolism in most of the 

samples. The Actinobacteria (Acidimicrobiia MAG 009), Candidatus Binatota (MAG 

010 and 011), Chloroflexi (MAG Ellin6529 002, Chloroflexia 006, Dehalococcoidia 

008, and Ktedonobacteria 019), and Deinococcus-Thermus (MAG 015) extracted from 

the biofilm MB1 as a representative of leachate group contained several genes to 

metabolize complex polyaromatic compounds (Table S1) which indicates KO numbers 

computed from 16srRNA are underrepresented. 

The assumption based on diverse abiotic factors that in contrast to Monte San Giorgio, 

Marsberg microbiome may have evolved heavy metals resistance especially against 

transition metals, could be proved by exploring the type of ABC transporters detected 

in each microbiome (Figure S2). The differential abundance analysis of transporter 

genes in the Marsberg Kilian leachate group showed that the microbiome has 

transporter genes for transition metals and metalloids (cobalt, nickel, zinc, arsenite), and 

transporters related to the Monte San Giorgio organic (inside) shale microbiome were 

involved in the uptake of various metabolites (Table S2). Various types of specific and 

non-specific transporter genes involved in heavy metal haemostasis have been already 

detected in all MAGs (Chapter 3, Figure 8). 
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5.4 Ktedonobacteria are not only abundant at the Marsberg copper mine 

Ktedonobacteria class has been detected at a quite low abundance <1% at the Monte 

San Giorgio limestone and shale surface that could be justified because these mycelial 

bacteria are present at low abundance in the soil microbiome (Yabe et al., 2017).  In 

contrast, Ktedonobacteria enrichment in the Marsberg copper mine is quite significant 

which hints towards their heavy metal resistance and potential of aromatic compounds 

metabolism. Under stringent environmental conditions, a high abundance of 

Ktedonobacteria has usually been observed in various extreme environments such as 

fumaroles (Medrano-Santillana et al., 2017), zinc and lead polluted soil (Epelde et al., 

2015), quartzite cave (Ghezzi et al., 2021) and volcano soil (Zheng et al., 2020). We 

have also observed Ktedonobacteria enriched biofilms at another completely different 

site, a hydrothermal field in Italy, Sasso Pisano (see chapter 4). Sasso Pisano offers 

boiling hot springs emitting CH4, CO2, H2, sulphur compounds (H2S, SO4
2−), various 

hydrocarbons and aromatic compounds, heavy metals, and the acidic environment (pH 

0.5–5) while Marsberg Kilian copper mine has a constant temperature (~10°C), low 

mine water pH (4-5), 98% humidity, copper and iron sulphides, complex hydrocarbons 

(2-10%) and acidic heavy metal-rich mine drainage. The high abundance of 

Ktedonobacteria at Marsberg and Sasso Pisano could be because of low pH, heavy 

metal stress, and radically available hydrocarbons. The extreme temperature conditions 

might have given these resistant extremophiles a selective advantage to proliferate and 

colonize. Although the inhabiting Ktedonobacteria strains were found to be 

phylogenetically distinct at Marsberg and Sasso Pisano (Chapter 3, Figure S4 and 

Chapter 4, Figure 4), it is hypothesized that they show functional conservation for the 

carbon monoxide oxidation (Cox operons), heavy metal resistance, aromatic 

compounds metabolism, and sporulation mechanisms. Their ubiquitous abundance in 
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soil and extreme environments shows their diversity to cope with several environmental 

stresses and ability to colonize hydrocarbon-containing sources as extremophiles.  

But it raises a question that whether Ktedonobacteria members have evolved 

specialized pathways to metabolize hydrocarbons, or they are just common soil-

inhabiting saprophytic bacteria that decompose organic matter. Thermosporothrix 

hazakensis SK20-1T was isolated from ripe compost produced from livestock excreta 

by a Hazaka Plant Kogyo composter (Yabe et al., 2010). Ktedonobacter racemifer, the 

first typed strain of Ktedonobacteria was isolated from a black locust (Robinia 

pseudoacacia) wood soil, Italy on HSA5 agar which included humic acid as a sole 

carbon source (Cavaletti et al., 2006). Humic acid is a random-network macromolecular 

product of microbially decomposed organic matter of the animal and plant remains (Li 

et al., 2019). Like kerogen, humic acid contains heterogeneous macromolecules, 

randomly aggregated to three-dimensional structures, where the metal ions may 

coordinate within charged groups such as carboxylates (Xing & Pignatello, 2005). 

Kerogen genesis is under high temperature and pressure from millions of year-old 

organic matter sedimented in shale, in contrast to the freshly deposited peat compost 

containing humic acids. The redox-active functional groups coupled with humic acid 

are capable of oxidizing or reducing organic molecules and ions (Eljarrat, 2012). 

Kerogen is more recalcitrant to chemical and thermal reactivity than humin and humic 

acid because of increased cross-linking, hydrophobicity, molecular weight, fused ring 

size, and carbon content (Xing & Pignatello, 2005). 

 Due to the similarity of kerogen and humic substances macromolecules, 

Ktedonobacteria members could have adapted their specialized pathways to degrade 

complex ring structures of the kerogenic substrates too. Several thermophilic strains 

have been isolated from the hydrocarbons emitting geothermal sources where the 

decomposing organic matter was also accessible. Thermogemmatispora 
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carboxidivorans PM5T was isolated from a geothermally heated biofilm growing on a 

tree stump in contact with steam vents from Puhimau geothermal Kilauea Volcano, 

Hawaii (King & King, 2014). Thermosporothrix narukonensis F4T, 

Thermogemmatispora onikobensis ONI-1T, and Thermogemmatispora foliorum ONI-

5T were isolated from fallen leaves on geothermal steaming soil (Yabe et al., 2011; 

Yabe et al., 2016), and Thermogemmatispora aurantia A1-

2T and Thermogemmatispora argillosa A3-2T were isolated from clay soil at the 

Onikobe Hot Springs, Japan (Zheng et al., 2019). Intriguingly, synthesis of complex 

secondary metabolites such as unusual branched fatty acid (Vyssotski et al., 2012), the 

acyloins, sattabacin and hazakacin (Park et al., 2014), two thiazole derivatives (Park et 

al., 2015), as well as ktedonoketone, 2’-oxosattabacin, two anthranilic derivatives and 

benzenoid metabolites of benzenepropanic and cinnamic acid (Igarashi et al., 2019) was 

reported from T. hazakensis SK20-1T (Yabe et al., 2010). Retrospectively, it could be 

suggested that these extremophiles also have pathways involved in the complex 

polycyclic aromatic ring catabolism such as Ktedonobacteria MAG 019 sequenced 

from cold Marsberg copper mine has shown benzoate, phenylacetate, carbazole 

degradation, biphenyl, cinnamate atrazine, diphenyl ethers and catechol degradation 

pathways (Table S1). T. hazakensis SK20-1T was isolated from ripe compost, which 

indicates that it could also metabolize polycyclic aromatic rings of humic acid or 

kerogenic substrates.  Being a recently discovered class, Ktedonobacteria pathways 

related to hydrocarbon metabolism and colonization under extreme environmental 

stress conditions have not been investigated yet. Therefore, a genomic comparison 

between Marsberg cold copper mine MAG 019, soil-inhabiting mesophilic typed strain 

K. racemifer SOSP1-21 T (ASM17885v1), and thermophilic T. hazakensis SK20-1T 

(ASM540264v1) has been made in the following part to underscore the metabolic and 

functional profiles of the Ktedonobacteria. 
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5.5 Genomic Comparison of Ktedonobacteria Members 

The shared and unique genomic features of MAG 019 as compared to K. racemifer and 

T. hazakensis show that Ktedonobacteria members have evolved multiple orthologous 

clusters (GO terms) related to different metabolic functions related to heterocyclic, 

macromolecules, and aromatic compounds. A total of 10818, 6060, and 3745 proteins 

were identified in K. racemifer, T. hazakensis, and MAG 019 which were collected into 

orthologous gene clusters 4506, 3736, and 1644, respectively. MAG019 is a relatively 

small genome (3.9 Mb) with 90% completion as compared to K. racemifer (13.66 Mb) 

and T. hazakensis (7.4 Mb). MAG 019 shared a similarity of 96.1% with K. racemifer 

and T. hazakensis based on orthologous shared clusters (Figure S3). More in-depth 

analyses based on RAST annotations showed that MAG 019 and other Ktedonobacteria 

contain genes responsible for aromatic compound metabolism (Figure S4). In contrast 

to other Ktedonobacteria genomes, MAG0 19 adaption to the cold environment of 

Marsberg copper mine is attributed primarily to the genes related to heat shock, copper 

homeostasis, bacterial chemotaxis, aromatic compounds metabolism through 

protocatechuate branch of beta-ketoadipate pathway, Ton and Tol transport system 

against heavy metal resistance, DNA repair and peptidoglycan biosynthesis (Figure S5).  

 It could be concluded that the success of Ktedonobacteria extremophiles in diverse 

harsh and oligotrophic environments is credited to their low pH tolerance, phylogenetic 

diversity, aerobic carbon monoxide oxidation, heavy metal resistance, aromatic 

compounds metabolism, psychrophiles to thermophiles, larger genomes (5.54–

13.66 Mb), genome plasticity, diverse secondary metabolite synthesis, and sporulation. 
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5.6 Conclusion 

A large part of the organic carbon present in the lithosphere is trapped in fossil organic 

matter deposited in sedimentary rocks. Sedimentary formations represent 66% of 

Earth’s surface rocks. If 108 gigatons of sediments (Falkowski et al., 2000) are 

estimated to contain just 0.3% of organics, there is potentially 300000 gigatons of 

potentially degradable organic carbon accrued. The exposed organic-rich shales host 

specialized microorganisms which are able to degrade it and eventually contribute to 

the return of the organic carbon and inorganic sulphur to the global cycle. It could also 

lead to decreased yields and recovery of gas and oil from black shales, for instance, in 

the process of hydraulic fracturing. The geological and abiotic factors of organic-rich 

shales are important decisive factors to colonize the respective microbial communities. 

The polycyclic aromatic rings of recalcitrant kerogen provide slow-growing specialized 

oligotrophs to extract energy and assimilate carbon from hydrocarbons. The 

extremophiles should be able to cope with environmental stresses that come along 

different geological settings, such as desiccation, heavy metals toxicity, temperature 

extremes, and lack of radically available nutrients. The geomicrobiological role of the 

newly discovered class of Ktedonobacteria and rare Actinobacteria members has been a 

neglected niche, especially in terms of their colonization as extremophiles and 

contribution to carbon cycle via degradation of recalcitrant kerogenic aromatic 

substrates which requires further research for validation. The metagenomic evaluation 

revealed that they have evolved multiple mechanisms against low pH, heavy metal 

stress, extreme temperatures, and availability of nutrients.  The long-term impact of 

environmental microorganisms on the fossilized organic compounds and their 

contribution to the carbon cycle and leaching of heavy metals from shale is gaining 

more attention as more organic-rich shales deposits are being exploited for either gas 

and oil recovery or mining purposes.  
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5.8 Supplementary Information 

 

Figure S1. Relative abundance of genera in the Monte San Giorgio organic-rich 

shale microbiome. 
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Figure S2. Distribution of aromatic compounds degradation pathway among 

Marsberg and Monte San Giorgio samples. 
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Table S1. Aromatic compounds metabolism pathways related to MAGs 

MAGs Aromatic compounds metabolism pathways 

002 

Ellin6529 

Phenylacetate degradation I (aerobic), 5-nitroanthranilate degradation, 

4-sulfocatechol degradation, Urate conversion to allantoin I, and chlorinated 

phenol degradation 

006 

Chlorolflexia 

Phenylacetate degradation I (aerobic), naphthalene degradation (aerobic), 

cinnamate, and 3-hydroxycinnamate degradation to 2-hydroxypentadienoate 

008 

Dehalococcoidia  

Phenylacetate degradation I (aerobic), naphthalene degradation (aerobic), 

cinnamate and 3-hydroxycinnamate degradation to 2-hydroxypentadienoate, 

and catechol degradation to 2-hydroxypentadienoate, 4-

hydroxyacetophenone degradation 

009 

Acidimicrobiia 

catechol degradation to 2-hydroxypentadienoate, 4-hydroxyacetophenone 

degradation, cinnamate and 3-hydroxycinnamate degradation to 2-

hydroxypentadienoate, and superpathway of phenylethylamine degradation 

010 

Candidatus Binatota 

Naphthalene degradation (aerobic), phenylacetate degradation I (aerobic), 

biphenyl degradation, carbazole degradation, 4-nitrotoluene degradation, 4-

nitrophenol degradation, 4-chloronitrobenzene degradation, benzoyl-CoA 

degradation I (aerobic), 3,5-dichlorocatechol degradation, cinnamate and 3-

hydroxycinnamate degradation to 2-hydroxypentadienoate, 4-sulfocatechol 

degradation, 4-hydroxymandelate degradation, 2-aminophenol degradation, 

dibenzothiophene desulfurization, diphenyl ethers degradation, 

protocatechuate degradation II (ortho-cleavage pathway), benzene 

degradation, anthranilate degradation I (aerobic), 2-chlorobenzoate 

degradation, and salicylate degradation 

 

011 

Candidatus Binatota 

Naphthalene degradation (aerobic), diphenyl ethers degradation, 

protocatechuate degradation II (ortho-cleavage pathway), carbazole 

degradation, cinnamate and 3-hydroxycinnamate degradation to 2-

hydroxypentadienoate, benzoyl-CoA degradation I (aerobic), 3,5-

dichlorocatechol degradation, 3,5-dichlorocatechol degradation, 3,4,6-

trichlorocatechol degradation, anthranilate degradation I (aerobic), 3-

chlorocatechol degradation I (ortho), 4-chlorocatechol degradation, benzoate 

degradation II (aerobic and anaerobic), 5-chloro-3-methyl-catechol 

degradation, 4-chloro-2-methylphenoxyacetate degradation, and  2,4 

dichlorophenoxyacetate degradation 

015 

Deinococcus-Thermus  

Phenylacetate degradation I (aerobic), carbazole degradation, biphenyl 

degradation, cinnamate, and 3-hydroxycinnamate degradation to 2-

hydroxypentadienoate, and catechol degradation to 2-hydroxypentadienoate. 

 

019  

Ktedonobacteria 

Phenylacetate degradation I (aerobic), carbazole degradation, biphenyl 

degradation, cinnamate, and 3-hydroxycinnamate degradation to 2-

hydroxypentadienoate, benzoate degradation II (aerobic and anaerobic), 

atrazine degradation I (aerobic), diphenyl ethers degradation, and catechol 

degradation to 2-hydroxypentadienoate. 

 

Table S2. Differentially abundant genes related to transporters 

Monte San Giorgio organic-rich shale (inside) Marsberg (Leachate group) 

K10009 tcyB; L-cystine transport system permease protein 

K08173 ydfJ; MFS transporter, MHS family, metabolite:H+ 

K02009 cbiN; cobalt/nickel transport protein 

K02008 cbiQ; cobalt/nickel transport system permease 
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symporter 

K05820 hcaT; MFS transporter, PPP family, 3-phenylpropionic 

acid transporter 

K02768 fruB; fructose PTS system EIIA component 

[EC:2.7.1.202] 

K02770 fruA; fructose PTS system EIIBC or EIIC component 

[EC:2.7.1.202] 

K02769 fruAb; fructose PTS system EIIB component 

[EC:2.7.1.202] 

K02821 ulaC; ascorbate PTS system EIIA or EIIAB component 

[EC:2.7.1.194] 

K02822 ulaB; ascorbate PTS system EIIB component 

[EC:2.7.1.194] 

K12516 bigA; putative surface-exposed virulence protein 

K16088 TC.FEV.OM1; outer-membrane receptor for ferric 

coprogen and ferric-rhodotorulic acid 

K11735 gabP; GABA permease 

K14052 puuP; putrescine importer 

K03758 arcD; arginine:ornithine antiporter / lysine permease 

K16263 yjeH; amino acid efflux transporter 

K07788 mdtB; multidrug efflux pump 

K11688 dctP; C4-dicarboxylate-binding protein DctP 

K11689 dctQ; C4-dicarboxylate transporter, DctQ subunit 

K11690 dctM; C4-dicarboxylate transporter, DctM subunit 

K21395 yiaO; TRAP-type transport system periplasmic protein 

K05834 rhtB; homoserine/homoserine lactone efflux protein 

K07794 tctB; putative tricarboxylic transport membrane protein 

K12536 hasD; ATP-binding cassette, subfamily C, type I 

secretion system permease/ATPase 

K02424 fliY; L-cystine transport system substrate-binding 

protein 

K10022 aotJ; arginine/ornithine transport system substrate-

binding protein 

K10023 aotM; arginine/ornithine transport system permease 

protein 

K10024 aotQ; arginine/ornithine transport system permease 

protein 

K10025 aotP; arginine/ornithine transport system ATP-binding 

protein [EC:7.4.2.1] 

K08195 pcaK; MFS transporter, AAHS family, 4-

hydroxybenzoate transporter 

K08368 yaaU; MFS transporter, putative metabolite transport 

protein 

K02798 cmtB; mannitol PTS system EIIA component 

[EC:2.7.1.197] 

K02800 mtlA; mannitol PTS system EIICBA or EIICB 

component [EC:2.7.1.197] 

K16081 algE; alginate production protein 

K07789 mdtC; multidrug efflux pump 

K07791 dcuA; anaerobic C4-dicarboxylate transporter DcuA 

K16345 xanP; xanthine permease XanP 

K21393 yiaN; TRAP-type transport system large permease 

protein 

K21394 yiaM; TRAP-type transport system small permease 

protein 

K13929 mdcA; malonate decarboxylase alpha subunit 

[EC:2.3.1.187] 

K13931 mdcC; malonate decarboxylase delta subunit 

K02048 cysP; sulfate/thiosulfate transport system substrate-

binding protein 

K11073 potF; putrescine transport system substrate-binding 

protein 

K10002 gltK; glutamate/aspartate transport system permease 

protein 

K10003 gltJ; glutamate/aspartate transport system permease 

protein 

K10004 gltL; glutamate/aspartate transport system ATP-binding 

protein [EC:7.4.2.1] 

protein 

K02007 cbiM; cobalt/nickel transport system permease 

protein 

K02195 ccmC; heme exporter protein C 

K02004 ABC.CD.P; putative ABC transport system 

permease protein 

K02429 fucP; MFS transporter, FHS family, L-fucose 

permease 

K02557 motB; chemotaxis protein MotB 

K03286 TC.OOP; OmpA-OmpF porin, OOP family 

K03304 tehA; tellurite resistance protein 

K03313 nhaA; Na+:H+ antiporter, NhaA family 

K01551 arsA; arsenite/tail-anchored protein-

transporting ATPase [EC:7.3.2.7 7.3.-.-] 

K00184 dmsB; dimethyl sulfoxide reductase iron-sulfur 

subunit 

K00185 dmsC; dimethyl sulfoxide reductase membrane 

subunit 

K06160 pvdE; putative pyoverdin transport system 

ATP-binding/permease protein 

K06073 btuC; vitamin B12 transport system permease 

protein 

K07091 lptF; lipopolysaccharide export system 

permease protein 

K07114 yfbK; Ca-activated chloride channel homolog 

K03442 mscS; small conductance mechanosensitive 

channel 

K03561 exbB; biopolymer transport protein ExbB 

K03559 exbD; biopolymer transport protein ExbD 

K03562 tolQ; biopolymer transport protein TolQ 

K03560 tolR; biopolymer transport protein TolR 

K06076 fadL; long-chain fatty acid transport protein 

K05807 bamD; outer membrane protein assembly factor 

BamD 

K07238 TC.ZIP; zinc transporter, ZIP family 

K07301 yrbG; cation:H+ antiporter 

K03832 tonB; periplasmic protein TonB 

K03640 pal; peptidoglycan-associated lipoprotein 

K03646 tolA; colicin import membrane protein 

K03641 tolB; TolB protein 

K07307 dmsB; anaerobic dimethyl sulfoxide reductase 

subunit B 

K04758 feoA; ferrous iron transport protein A 

K04759 feoB; ferrous iron transport protein B 

K12530 rtxB; ATP-binding cassette, subfamily B, 

bacterial RtxB 

K11603 mntA; manganese transport system ATP-

binding protein [EC:7.2.2.5] 

K11720 lptG; lipopolysaccharide export system 

permease protein 

K09697 natA; sodium transport system ATP-binding 

protein [EC:7.2.2.4] 

K09808 lolC_E; lipoprotein-releasing system permease 

protein 

K16092 btuB; vitamin B12 transporter 

K16089 TC.FEV.OM2; outer membrane receptor for 

ferrienterochelin and colicins 

K16087 TC.FEV.OM3; 

hemoglobin/transferrin/lactoferrin receptor protein 

K12543 lapE; outer membrane protein, adhesin 

transport system 

K18904 nodT; outer membrane protein, multidrug 

efflux system 

K15987 hppA; K(+)-stimulated pyrophosphate-

energized sodium pump 

K08355 aoxA; arsenite oxidase small subunit 

[EC:1.20.2.1 1.20.9.1] 

K08356 aoxB; arsenite oxidase large subunit 
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K13893 yejA; microcin C transport system substrate-binding 

protein 

K13894 yejB; microcin C transport system permease protein 

K13895 yejE; microcin C transport system permease protein 

K09817 znuC; zinc transport system ATP-binding protein 

[EC:7.2.2.20] 

K03535 gudP; MFS transporter, ACS family, glucarate 

transporter 

K05819 mhpT; MFS transporter, AAHS family, 3-

hydroxyphenylpropionic acid transporter 

K05548 benK; MFS transporter, AAHS family, benzoate 

transport protein 

K08159 sotB; MFS transporter, DHA1 family, L-

arabinose/isopropyl-beta-D-thiogalactopyranoside export 

protein 

K03475 ulaA; ascorbate PTS system EIIC component 

K02024 lamB; maltoporin 

K18300 oprN; outer membrane protein, multidrug efflux system 

K20543 bcsC; cellulose synthase operon protein C 

K11734 aroP; aromatic amino acid transport protein 

K18299 mexF; multidrug efflux pump 

K07084 yuiF; putative amino acid transporter 

K11745 kefC; glutathione-regulated potassium-efflux system 

ancillary protein 

K02824 uraA; uracil permease 

[EC:1.20.2.1 1.20.9.1] 

K13888 macA; membrane fusion protein, macrolide-

specific efflux system 

K16554 exoP; polysaccharide biosynthesis transport 

protein 

 

 

 

Figure S3. Shared and unique orthologous protein clusters 
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Figure S4.  Comparison of genome features annotated with RAST. 
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Figure S5.  SEED based functional profile analysis based on RAST 
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