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ABSTRACT

Walker, Jeffrey James (Ph.D., Molecular, Cellular and Developmental Biology, 

Department of Molecular, Cellular and Developmental Biology)

Endolithic Microbial Ecosystems: Molecular Phylogenetic Composition, Ecology and 

Geobiology

Thesis directed by Professor Norman R. Pace

The endolithic environment, the pore space in rocks, is a ubiquitous microbial 

habitat. Photosynthesis-based endolithic communities inhabit the outer millimeters to 

centimeters of rocks exposed to the surface. In extremely  desiccated environments, 

such as deserts, endolithic communities are most of the extant life. Among the 

simplest microbial ecosystems known, endolithic communities provide a tractable 

model to test ecological principles, which remain untested in microbial ecology  due 

to experimental limitations and the extraordinary  diversity of microorganisms. 

Previous studies have suggested specific hypotheses for endolithic communities, but 

these have been difficult to demonstrate with traditional microbiological techniques. 

Consequently, this study  determined the composition of select endolithic communities 

with cultivation-independent, ribosomal RNA-based molecular phylogenetic 

methods. These methods provide incisive identification of microbial constituents and 
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specific, DNA sequence information, which can be compared universally to test 

hypotheses about life’s ecology and evolution.

Endolithic ecosystems were studied from three distinct areas: the Rocky 

Mountain region and Yellowstone National Park of the USA, and Shark Bay in 

Western Australia. Morphologically  similar to endolithic communities from previous 

studies, Rocky Mountain communities provide insight into endolithic ecology. Novel 

endolithic communities were discovered in Yellowstone geothermal environments. 

Electron microscopic analysis indicated Yellowstone communities are subject to 

mineralization and fossilization. Remnants of such fossils might provide clues about 

ancient life analogous to those provided by fossil stromatolites, structures preserved 

throughout much of the ~4 billion year geological record and considered analogs of a 

few extant examples. Stromatolites have been popularly  considered geological 

evidence for oxygenic photosynthesis. Here I present the first comprehensive analysis 

of living Shark Bay stromatolite communities. Results suggest  microorganisms other 

than cyanobacteria dominate these communities and probably  contribute to their 

formation. Therefore, fossil stromatolites cannot be taken alone as evidence for 

oxygenic photosynthesis. Phylogenetic and statistical comparison of endolithic 

communities from this study  and a previous study of Antarctic communities help 

support the principle that patterns of microbial diversity  are governed by similar 

principles observed in macro-ecological systems. Results also provide insight into 

geobiological processes that shape the biosphere and help us understand the history of 

life on Earth and possibly elsewhere in the Solar System.
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1 Introduction: Endolithic Ecosystems

1.1 Endolithic ecosystems

The endolithic environment consists of the pore space in rocks and is a 

ubiquitous habitat for microorganisms (Friedmann and Ocampo 1976). Lush, 

photosynthesis-based microbial ecosystems (endolithic ecosystems) often inhabit the 

upper few millimeters to centimeters of rock exposed to the surface world wide. 

Subsurface microclimates provide microorganisms with relative refuge from extreme 

environmental conditions. In the most desiccated desert and alpine environments, 

endolithic communities are often the only extant life (Friedmann 1982). Subsurface 

endolithic life also extends at least 1 km beneath the surface, which has an average 

porosity of ~3% (Gold 1992; Whitman et al. 1998; Gold 1999). Such porosity  is 

sufficient volume to contain at least 105 cells cm-3, a cell density  commonly observed 

in subsurface endolithic ecosystems (e.g. Stevens and McKinley 1995; reviewed in 

Whitman et al. 1998). Most photosynthetic endolithic ecosystems previously studied 

occur in sedimentary rocks with typical porosities of 10-20%, which is sufficient 

space to support relatively  lush and complex communities compared to those of the 

subsurface.
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Until recently, many environments were considered too extreme for life. Over 

the past few decades, however, it has become evident that most environments are 

inhabited by microorganisms. It is also now evident that the biosphere extends into 

the Earth’s subsurface for at  least ~1 km. Estimates of the global microbial population 

are on the order of 1030 cells (Whitman et al. 1998). This represents a microbial 

biomass of ~500 Pg of carbon (1 Pg = 1015 g), which rivals that of macro-organisms. 

An estimated 90% of the Earth’s microbial population inhabits the vast subsurface 

environment, of which ~80% is endolithic. Very little is known about subsurface life 

beyond its ubiquitous presence. Nonetheless, subsurface endolithic life may represent 

the largest reservoir of biomass on Earth and, possibly, the largest reservoir of genetic 

diversity.

1.2 The molecular phylogenetic revolution

A way to describe the phylogenetic diversity of microorganisms was first 

articulated by Carl Woese in the context of ribosomal RNA (rRNA) phylogenetic 

trees (Woese and Fox 1977; Woese 1987). This work showed that most of life’s 

genetic diversity is microbial, and changed our fundamental understanding of the 

microbial world and biology. Woese showed that life is of three primary  relatedness 

groups, or “domains”: Bacteria, Archaea and Eucarya. This concept demonstrated that 

the “prokaryote / eucaryote” model of cellular evolution is incorrect (Woese 1998), 

and for the first time provided an evolutionary framework for the understanding of 

microbiology. The subsequent development of molecular phylogenetic methods for 

the in situ study of microbial communities (e.g. Stahl et al. 1984; Pace et al. 1985; 
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DeLong et al. 1989; Giovannoni et al. 1990; Pace 1997) revolutionized microbial 

ecology and revealed a microbial diversity  that is, in the words of E.O. Wilson, 

“beyond practical calculation” (Wilson 1994). Nonetheless, molecular methods 

provided, for the first time, a view of microbial diversity  unbiased by traditional 

culture-based methods, which typically cultivate <<1% of organisms directly 

observed in the environment (Amann et al. 1995).

1.3 The new microbial ecology

Technological advances spurred by the current genomic era have inspired a 

new interest in microbial diversity and ecology  from a wide range of disciplines. The 

field of microbial ecology  is relatively undeveloped compared to that of (macro) 

ecology, which has a long natural history and strong theoretical foundation. In 

principle, the goals of microbial ecology are the same as those of ecology: to 

understand the relationships between organisms and the environment. Due to the 

technical challenges of microbiology, however, microbial ecology has developed 

largely as a separate field. Also, the dimensions of microbial ecosystems are 

chemical, which are not the usual parameters of large organisms. Many fundamental 

ecological questions remain unanswered for the microbial world. The evolutionary 

framework of rRNA phylogenies, technological advances in DNA sequence analysis 

and an open field of basic questions promises rapid and exciting development in our 

understanding of the microbial world. Nevertheless, the magnitude of microbial 

diversity still poses a formidable challenge to the field. For example, it remains 

largely unknown whether patterns of biodiversity  distinguish microbial ecosystems as 
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they  do in macro-ecological systems (reviewed in Curtis and Sloan 2004). It is not 

clear whether microbial ecosystems consist of the same kinds of organisms with 

different functional organization or different kinds of organisms. Recent attempts to 

gauge our efforts in sampling microbial diversity  suggest we may know even less 

than we think. Thus, there is a need for tractable models of microbial ecosystems.

1.4 Model ecosystems

Several kinds of communities have been previously  proposed as model 

microbial ecosystems. Examples include soil systems (e.g. Borneman et al. 1996) and 

hypersaline microbial mats, such as those of Guerrero Negro in Mexico (e.g. Des 

Marais 2003). Soil communities, however, have proven tremendously diverse 

(Dunbar et al. 2002), and a recent rRNA gene census of the Guerrero Negro microbial 

mats showed they are much more complex than predicted from previous studies based 

on traditional microbiological techniques (Spear 2003 et al.; Ley et al. 2005). 

Previous studies of endolithic communities have suggested they are among the 

simplest of microbial ecosystems known (Friedmann and Ocampo-Friedmann 1984a). 

Therefore, endolithic communities might provide tractable models of microbial 

ecosystems with which to test questions in microbial ecology.

Endolithic life also attracts attention from disciplines with interests in the 

interactions of biology  and geology (geobiology, e.g. Ehrlich 1996), biogeochemical 

cycles (e.g. Schlesinger 1997), the origins and evolution of life and the search for life 

elsewhere in the universe (astrobiology, e.g. Jakosky 1998) . Despite a wide interest, 
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relatively little is known about  the kinds of organisms that constitute these unique 

microbial ecosystems. Over the past few decades, studies have examined endolithic 

microbiota and their ecology by  cultivation, microscopy and bulk chemical and 

physical analyses. Results from these studies have suggested specific hypotheses 

about endolithic ecosystems, which could have implications for our general 

understanding of microbial ecology. Such hypotheses, however, have been difficult to 

test with traditional microbiological methods (Bell 1993).

1.5 Purpose of the study

The overall purpose of this thesis was to determine the phylogenetic 

composition of endolithic communities from different environments, and to compare 

them in order to test the hypotheses that follow. [1] Endolithic communities are 

among the simplest microbial ecosystems known (Friedmann 1982). [2] Endolithic 

ecosystems represent true ecological communities, characterized by  consistent 

assemblages of microorganisms that co-occur within a defined habitat  (Friedmann 

and Ocampo-Friedmann 1984a). [3] The microbial composition of endolithic 

ecosystems is similar world wide, which implies a global distribution (Friedmann and 

Ocampo-Friedmann 1984a). [4] The endolithic environment is “extreme” from the 

human perspective and, as such, communities are expected to be seeded from a 

relatively small reservoir (metacommunity) of microorganisms highly adapted to the 

endolithic environment (Friedmann and Ocampo-Friedmann 1984a). [5] 

Biogeographical characteristics, such as the physical and chemical properties of 
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different rock types, climate and orientation with respect to the sun (aspect), influence 

the specific microbial composition of endolithic communities (Friedmann 1982).

1.6 Molecular community analysis

Molecular phylogenies based on rRNA molecules provide an evolutionary 

framework for the classification of microorganisms, and a tool for their incisive 

identification. Ribosomal RNAs are uniquely suited to universal phylogenies. As 

integral components of ribosomes, rRNAs are present in all living cells and are 

among the most highly conserved molecules known. For example, the small subunit 

(SSU) rRNA molecules from humans and Escherichia coli are ~50% identical. 

Furthermore, the structure of rRNA molecules is highly  conserved. Such conservation 

facilitates the accurate alignment of homologous positions within the molecules, 

which is essential to any  molecular phylogenetic method. Variable rates of evolution 

of different regions of the rRNA sequence allow the design of oligonucleotide primers 

and probes that target rRNA genes of all life (universal) or of specific groups with 

varying degrees of specificity. As such, rRNA genes, particularly  SSU rRNA genes, 

have become the standard phylogenetic marker in microbiology. There are currently 

>200,000 SSU rRNA gene sequences in the public databases, many of which belong 

to microorganisms known by sequence only. In principle, some of the properties of 

such organisms can be inferred from the common properties known for the particular 

phylogenetic groups to which the environmental organisms belong. Combined with 

genomics and new cultivation methods (e.g. Connon and Giovannoni 2002; e.g. 
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Rappe et al. 2002), molecular phylogenetic methods promise to yield a better 

understanding of the microbial world.

1.7 Study areas

Endolithic communities were examined from three areas in this study. Results 

from each area are presented in the chapters that follow. The first  study  area was the 

semi-arid Southern Rocky Mountain physiographic region encompassed by  the states 

of Colorado and Wyoming. Abundant endolithic communities occur in a variety of 

rock types in this region. The endolithic communities of the Rocky Mountain region 

are morphologically similar to those studied in other arid and semi-arid regions 

around the world.

The second study area was in Yellowstone National Park, where I discovered a 

novel type of endolithic community in the Yellowstone geothermal environment 

(Walker 2005a). Microscopic examination of Yellowstone endolithic communities 

shows they  are subject to mineralization and fossilization, and constitute biomarkers 

that can become fossilized and potentially preserved in the geological record. 

Remnants of such communities could serve as biosignatures and provide important 

clues about ancient life associated with geothermal environments on Earth or 

elsewhere in the Solar System.

The third study area was Hamelin Pool, a shallow marine embayment of 

Shark Bay in Western Australia, where some of the most famous extant stromatolites 

occur today (Papineau et al. 2005). The Shark Bay stromatolites are impressive, 
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layered carbonate structures thought to form as a result of associated surface 

(epilithic) and endolithic microbial communities (Doemel and Brock 1974; reviewed 

in Reid et al. 2003). Such stromatolites are rare today, but remnants of similar 

structures are common throughout the geological record and considered important 

signatures of biological history  (biosignatures). Assumptions about early life are 

predicated on direct comparisons of extant stromatolites with those in the geological 

record; however, little is known about the microbial communities presumed to form 

them. This project  was undertaken in collaboration with Dominic Papineau, a 

graduate student in the department of Geological Sciences and a fellow member of 

the NASA Center for Astrobiology at the University of Colorado. 

Collectively, the results from these three studies provide new perspective on 

photosynthesis-based endolithic communities that inhabit diverse environments. Such 

environments have probably  existed throughout life’s ~4 Gy (billion years) history. 

Comparison of the phylogenetic diversity  of these simple microbial ecosystems 

supports several hypotheses about endolithic ecosystems, which may have broader 

implications for microbial ecology. Finally, this study provides information about the 

kinds of organisms that inhabit  surface endolithic environments. Such information 

may provide insight into current geobiological processes and, possibly, the history of 

such processes preserved in the geological record.
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1.8 Previous studies

Endolithic microbial growth has been observed world wide. Early reports 

describe endolithic growth of photosynthetic “algae” (which then included 

cyanobacteria) in exposed alpine environments, such as Tyrolean dolomite in Italy 

(Diels 1914). Similar kinds of microbial growth also were reported to inhabit stone 

buildings and monuments. Over the past few decades, ecological studies have 

investigated the physical and chemical nature of endolithic ecosystems and their 

influence on patterns of microbial colonization. Results suggest endolithic 

communities are uniquely  adapted to life in environments where extreme conditions 

inhibit surface (epilithic) growth, and are composed of closely  related organisms 

world wide (Friedmann and Ocampo-Friedmann 1984a). It has also been suggested 

that different physical and chemical characteristics of endolithic habitats influence the 

specific community  composition and dynamics, although such hypotheses have been 

difficult to document (Bell 1993).

In the late 1960s, Friedmann conducted some of the first modern studies on 

endolithic communities that occur in the hot desert environments of the Middle East 

and North America (Friedmann 1970, 1972a). In these hot, dry  environments, 

cyanobacteria-based endolithic communities are some of the only extant life 

(reviewed in Budel and Wessels 1991). Further interest in endolithic life was sparked 

when extensive endolithic communities were discovered in polar deserts of 

Antarctica, where tests were underway for the Voyager mission to Mars (Friedmann 

and Ocampo 1976; Friedmann 1982; reviewed in Nienow and Friedmann 1993). The 
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primary goal of the Viking mission to Mars was life-detection, and the Antarctic 

desert was considered the closest analog to Martian environments (Friedmann 1982; 

Friedmann and Ocampo-Friedmann 1984b). As with hot desert endolithic 

communities, the Antarctic desert endolithic communities are most of the extant life.

Subsequent studies reported abundant endolithic life in a variety of settings: 

gypsum in Antarctica (Hughes and Lawley 2003), sandstone in the Colorado Plateau 

of the North American Southwest (Bell 1986a; Bell et al. 1986b; Bell 1993), 

sandstone in a semi-arid montane region of South Africa (Wessels and Budel 1995), 

dolomite in an alpine region of Switzerland (Sigler et al. 2003), carbonates in a 

glacial region of Austria (Hoppert et al. 2004), limestone of the Niagara Escarpment 

in Southern Ontario, Canada (Gerrath et al. 1995; Matthes-Sears et al. 1999; Gerrath 

et al. 2000), sandstone cliffs in Ohio, USA (Casamatta et al. 2002) and a variety of 

rock types in tropical regions around the world (Budel 1999; Budel et al. 2002). 

The first molecular phylogenetic analysis of endolithic communities from 

Antarctica supported the hypothesis that endolithic communities are among the 

simplest of microbial ecosystems known (de la Torre et al. 2003). This comprehensive 

molecular survey  also found that traditional microbiological methods had 

misidentified cyanobacterial species. This study also highlighted an abundant, 

presumably non-photosynthetic microbiota that  is considered critical to the formation 

of endolithic ecosystems (Friedmann and Ocampo-Friedmann 1984a), but has been 

largely ignored in previous studies. Collectively, studies of the endolithic 
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communities mentioned form the basis of our current knowledge of these unique 

ecosystems, as follows.

1.8.1 The endolithic environment

The endolithic environment is thought to buffer microbial communities from 

intense solar radiation, temperature fluctuations, wind and desiccation in 

environments where such environmental factors inhibit epilithic growth (Friedmann 

1982; Friedmann and Ocampo-Friedmann 1984a; Bell 1993). Other authors suggest 

the ability to colonize endolithic environments is an adaptive strategy  to escape 

competition for space and nutrients on the surface (Matthes-Sears et al. 1997). This 

hypothesis, however, does not explain the common observation that conspicuous, 

photosynthetic endolithic growth occurs mostly  in the absence of substantial epilithic 

growth (Bell 1993). Epilithic growth probably supports endolithic communities, 

although little is known about such communities. Finally, it has been suggested that 

mineral deposits that often form over endolithic communities can create a relatively 

isolated environment and closed ecosystem, which must efficiently recycle nutrients 

(Friedmann and Ocampo-Friedmann 1984a).

1.8.2 Colonization factors

The “bioreceptivity” of rock types is thought to be influenced by the physical 

and chemical properties of rock substrates, such as mineral composition, pore 

structure and permeability, as well as environmental factors, such as water 

availability, pH, climatic exposure and nutrient  sources (reviewed in Warscheid and 
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Braams 2000). While chemical and mineralogical factors are known to contribute to 

where and how rocks are colonized, few specific details are known. Environmental 

factors such as water availability and light are understood better.

1.8.3 Water

Water is among the most important factors in endolithic ecosystems 

(Friedmann and Galun 1974; Potts and Friedmann 1981). Endolithic organisms are 

highly  adapted to withstand frequent and sudden desiccation and rewetting. 

Endolithic communities resume high metabolic activity  within minutes of re-

hydration. Water retention molecules (compatible solutes), such as trehalose and 

sucrose, are common among organisms cultivated from endolithic communities 

(Friedmann et al. 1993) and are detected in desiccated Antarctic communities by 

Fourier transform infrared (FTIR) spectroscopy (Wynn-Williams and Edwards 

2000a). Antarctic “lichen-dominated” endolithic communities can utilize water vapor 

≥70% relative humidity for growth (Palmer and Friedmann 1990). Long-term 

measurements of Antarctic endolithic microclimates have indicated that such suitable 

growth conditions exist for ~400-800 hours per year, despite exterior relative 

humidities that  rarely reach 70% and are often <20% (Friedmann et al. 1993). Studies 

of Colorado Plateau sandstone communities found internal relative humidity  was 

usually  >80% and never <60%, regardless of season (Bell 1993). Cyanobacterial 

isolates from hot deserts require relative humidity  >90% for photosynthesis (Palmer 

1990). In warm and hot deserts, water vapor condenses at night and is absorbed by 

rocks. Physical characteristics, such as pore size and structure, influence moisture 

! 12



properties of rock substrates (Franzen and Mirwald 2004). Biogenic mineral crusts 

and community biofilm matrixes also influence moisture properties of the endolithic 

environment. Some studies find crusts and biofilms help  absorb water from the 

surface and reduce outward diffusion of water vapor (Friedmann and Ocampo-

Friedmann 1984a; Kemmling et al. 2004).

1.8.4 Temperature

Studies of thermal regimes in Antarctic endolithic communities find that 

temperature mostly influences colonization and growth due to its effect on liquid 

water (Friedmann 1982). Temperatures rarely  rise above -15º C and most 

precipitation falls as snow. Antarctic communities rely  on solar radiation to raise 

temperatures to ~0º C for photosynthesis and to melt  snow (Friedmann 1978). At 

higher elevations, temperatures decrease and only rocks angled directly  toward the 

summer sun are colonized (McKay  and Friedmann 1985). Many isolates from 

Antarctic communities are psychrophiles, organisms with optimal growth 

temperatures from ~0-20º C (Siebert et  al. 1996). In hot desert communities, most 

water is from condensation of dew (Friedmann and Ocampo-Friedmann 1984a; 

Kidron 2000). During the day, endolithic environments in hot climates can exceed 50º 

C, and water quickly vaporizes. Studies of such communities indicate maximum 

photosynthetic rates occur in cooler morning hours under low light conditions. 

Friedmann and Ocampo-Friedmann (1984a) suggest  that hot desert environments are 

more extreme than polar deserts due to increased water stress.
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1.8.5 Light

The location of the highly pigmented photosynthetic zone of endolithic 

communities varies, and typically occupies a vertical profile of a few millimeters that 

starts within ~1 cm beneath the exposed surface. Rock color and mineralogy 

determine the depth of light penetration (Bell 1986a; Bell 1993). Light  penetration is 

suggested to determine the extent and location of the photosynthetic zone (Bell 

1986a; Bell 1993), although another study finds no correlation (Matthes-Sears et al. 

1997). The photosynthetic zone in Antarctic communities extends to ~0.01% of 

incident solar radiation in dry samples, which typically corresponds to a few 

millimeters in depth (Nienow et al. 1988). Radiation increases ~10 times at this depth 

in dampened samples as a result of increased light transmission due to reflectance. 

Maximum intensity of solar radiation has also been shown to determine the upper 

extent of the photosynthetic zone.

1.8.6 Nutrients

Most rock substrates are considered low nutrient (oligotrophic) environments. 

This is consistent with cultivation studies that find isolates grow preferentially in 

oligotrophic media (Siebert et al. 1996; Warscheid and Braams 2000). Studies also 

find that addition of host rock extracts to defined media improves growth (Siebert et 

al. 1996). This suggests endolithic organisms obtain nutrients from their host  rock, as 

suggested by  Bell (1993). Studies of the nitrogen economy of endolithic communities 

in hot and cold deserts find that atmospheric deposition from precipitation and dust 

far exceeds biological demand (Friedmann and Kibler 1980a). These authors find 
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evidence for in situ nitrogen fixation is exceptional, as measured by acetylene 

reduction, and conclude Antarctic communities are limited more by environmental 

conditions than nutrient  availability. A more recent study found that  dust is a 

significant source of nutrient input for the Colorado Plateau regions (Reynolds et al. 

2001).

1.8.7 Area, rate and age of colonization

Studies have examined the incidence of endolithic communities in a few areas 

(reviewed in Van Thielen and Garbary 1999). Areal coverage of Antarctic endolithic 

communities is estimated at ~75%, while that of epilithic growth is <10% (Broady 

1981a, 1981b). Colorado Plateau communities colonize up to ~90% of the areas 

studied (Bell 1986a; Bell et al. 1988; Bell 1993). A comprehensive areal survey of 

limestone cliffs of the Niagara Escarpment in Ontario, Canada, found endolithic 

growth occurred in only  ~10% of samples (Matthes-Sears et al. 1997). Biomass and 

productivity  of Niagara Escarpment communities vary  significantly  on scales of < 

1m, but not on larger geographical scales (Matthes-Sears et al. 1997 ; Matthes-Sears 

et al. 1999). 

Denuded sandstone surfaces in the Colorado Plateau are re-colonized from 

intact communities at rates of ~3-5 cm yr -1 (Bell 1986a; Bell 1993). Results from a 

complicated, 16-year biogeographical study of recolonization of denuded limestone 

surfaces of an Indian Ocean atoll indicate that  recolonization responds to broad, 

landscape-level controls rather than to detailed variation in the rock or site conditions 
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(Viles et al. 2000). This suggests that  colonization is influenced by more than just the 

endolithic microenvironment. Endolithic communities colonize carbonates recently 

exposed by  retreating glaciers within a few years to depths and biovolumes of 

communities that occur in rocks exposed for ~100 years (Hoppert et  al. 2004). This 

suggests communities colonize relatively quickly until they reach “equilibrium 

carrying capacity”, which is then maintained over hundreds of years. Rates of 

colonization in Antarctic communities are slow and have not been determined 

accurately. The age of Antarctic endolithic communities is estimated at 103-104 years 

by 14C dating of bulk carbon (McKay et al. 1986) and also by estimates of sandstone 

weathering and exfoliation rates (Sun and Friedmann 1999).

1.8.8 Geobiology

Much attention has focused recently  on microbial interactions with geological 

processes, such as mineral formation (e.g. Friedmann et al. 1972b), alteration and 

dissolution (e.g. Barker and Banfield 1998), and fossilization (e.g. Wierzchos and 

Ascaso 2002). While the mechanisms of such processes are mostly unknown, studies 

of stone buildings and monuments contribute significantly to our understanding of 

microbial “biodeterioration” (reviewed in Warscheid and Braams 2000). For example, 

studies show freshly quarried stone is colonized by surface biofilms within months, 

which accelerates the chemical and physical alteration of surface minerals and pore 

structures. Epilithic and endolithic communities form complex extracellular matrixes, 

which constitute most direct contact between communities and mineral surfaces. 

Extracellular polymeric substances (EPS) and associated biomolecules, such as 

! 16



extracellular enzymes, siderophores and organic acids, are implicated in processes 

that dissolve or otherwise alter minerals and sequester nutrients such as iron, 

phosphorous, calcium, magnesium and trace metals. Mechanical forces introduced 

when community biofilms swell and shrink from water activity  also alter the physical 

structure of rock.

The deterioration of buildings and monuments is a substantial problem 

globally and is an obvious example of the microbial impact on weathering (Wessels 

and Schoeman 1988; reviewed in Warscheid and Braams 2000). Biotic and abiotic 

weathering is accelerated by atmospheric deposition of nitrogen, phosphorous and 

sulfur compounds. Air pollution from fossil fuel combustion and agricultural 

fertilizers increases biodeterioration. Lithoautotrophic bacteria that gain energy from 

oxidation of reduced nitrogen, sulfur and iron have been observed in building stone 

communities; however, they are considered succesional organisms that inhabit  highly 

deteriorated materials. Recent work has emphasized a synergistic association of 

photoautotrophs and organotrophs, especially actinobacteria, as the primary 

colonizers of all building stone types. The presence and abundance of heterotrophs 

has been correlated to the decay  state of the material. Finally, evidence suggests the 

collective force of rock-altering microbes has an impact on global element cycles. In 

particular, biogenic weathering is thought to influence the global carbon cycle and, 

therefore, climate .
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1.8.9 Astrobiology

Endolithic environments are a focus of the search for life elsewhere in the 

Solar system, such as on Mars (Friedmann et al. 1986; Friedmann and Weed 1987; 

Farmer and Des Marais 1999). The endolithic environment also has been suggested as 

a possible vehicle for the inter-planetary  exchange of microbial life during periods of 

bombardment. The Martian meteorite ALH84001 found in the Allen Hills of 

Antarctica gained fame when studies suggested that it  contained evidence of past life 

on Mars (McKay et  al. 1996). While subsequent analyses found these claims 

spurious, they discovered that during its ejection from Mars and subsequent transit to 

Earth, the interior temperature of ALH84001 never exceeded 40º C, which many 

microorganisms easily withstand (Weiss et al. 2000). Other studies have shown 

microbial spores and resting states, such as those common to endolithic communities, 

survive exposure to space for years (reviewed in Rothschild and Mancinelli 2001). 

Given periods of heavy  bombardment during the earlier history of life on Earth, it is 

possible that life was transported throughout the Solar system (Melosh 1988). 

Whether that life found another habitable environment remains to be seen.
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2 Phylogenetic Composition of Endolithic Ecosystems in 

the Rocky Mountain Region: Ecological Implications

2.1 Introduction

Endolithic microbial communities are ubiquitous in the semi-arid Southern 

Rocky Mountain physiographic region, which is encompassed primarily by  the states 

of Colorado and Wyoming. The overall purpose of this study was to determine the 

phylogenetic composition of select  endolithic communities of the Rocky  Mountain 

region and to use these data and data from a previous study of Antarctic endolithic 

communities (de la Torre et al. 2003) to test hypotheses about endolithic 

communities, outlined in section 1.5. A specific aim of this study was to compare the 

results to those of previous phylogenetic surveys of other microbial communities in 

order to illuminate general principles of microbial ecology. Such principles have been 

difficult to demonstrate due to the complexity of microbial diversity in typical 

environments, but may  prove tractable in endolithic ecosystems, which are 

theoretically less complex.

A previous study found endolithic communities inhabited up to ~90% of 

extensive sandstone formations at numerous sites across the Colorado Plateau (Bell 

1993), a physiographic region that covers ~340,000 km2 across the states of Utah, 
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Colorado, Arizona and New Mexico. An initial survey of large, exposed outcrops of 

sandstone and limestone in the Rocky Mountain region found abundant evidence of 

endolithic growth in the form of distinct green layers of photosynthetic 

microorganisms that occur just beneath the surface of fractured rock samples. Based 

on this survey, four distinct study sites were chosen, as shown in Figure 2.1. 

Collectively, the sites consist of three rock types: sandstone, limestone and granite. 

Endolithic communities occur in all three rock types at the Sinks Canyon 

study site, as shown in Figure 2.2. Sinks Canyon has layered deposits of sandstone 

and limestone (calcium carbonate), which abut  a much older granite formation at the 

upper reaches of the canyon. Deposits of layered sandstone and limestone similar to 

those of Sinks Canyon also occur at  Owl Canyon near Fort Collins, Colorado. These 

sites were selected to compare the communities that occur in different rock types but 

experience nearly identical environmental conditions. Endolithic communities also 

inhabit outcrops of sandstone at the Forest Quarry  site in Boulder, Colorado. This 

sandstone is morphologically  similar to that found at the Owl Canyon and Sinks 

Canyons sites. Finally, the Exclamation Point site, near Glenwood Springs, Colorado, 

consists of nearly pure limestone.
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Figure 2.1. Rocky Mountain study sites. Forest Quarry (1), Exclamation Point  (2), Owl 

Canyon (3), Sinks Canyon (4).
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Figure 2.2. Sinks Canyon endolithic communities. Outcrops of granite (A) and layered 

sandstone and limestone (B). Endolithic communities in fractured samples of granite (C), 

sandstone (D) and limestone (E,F). Scale bars represent  1 mm.



2.2 Materials and Methods

2.2.1 Site descriptions and sample collection.

The approximate locations of Rocky Mountain study  sites are shown in Figure 

2.1. Three sites are located in semi-arid montane zones along the Eastern foothills of 

the Rocky Mountains (the Front Range). A fourth site, Exclamation Point, is located 

in a semi-arid montane zone along the Western slope of the Rocky Mountains. 

Forest Quarry. The Forest Quarry site is an historical sandstone quarry, 

which is now part of Boulder Mountain Park in the foothills along the Eastern slope 

of the Rocky  Mountains. The area is typified by the large sandstone “hogbacks” and 

“flatirons” of Fountain formation, which are uplifted to an angle of ~55º. Members of 

the Fountain formation, such as the Boulder flatirons, are poorly sorted 

conglomerates. The Forest Quarry site is part the Lyons formation, which has a finer, 

more sorted grain structure. The site was last quarried in the early 1900s (Boulder 

2005), though the site continues to weather and exfoliate from frost heave and 

presumably biological activity of endolithic communities. Initial investigations of the 

sandstone features in Boulder Mountain Park, which included the Flatiron formations, 

showed endolithic communities commonly inhabited areas relatively free of epilithic 

growth. The quarry  wall is uplifted at an angle of ~55º and faces East.

Exclamation Point. Exclamation point is a limestone cliff located near the 

entrance to Fairy Cave in the Glenwood Canyon of the Colorado River, near 
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Glenwood Springs, Colorado. The rock is part of the Leadville limestone unit, which 

is highly pure (>97.5%) calcium carbonate (Barton et al. 2004). Samples were 

collected from outcrops located within ~200 m of the main entrance to the cave from 

outcrops which faced approximately due North, South and East. 

Sinks Canyon. Sinks Canyon is located ~15 km southwest of Lander, 

Wyoming at  the southern end of the Wind River Range (Dahms 2004). In the upper 

(~7000 feet elevation), southwest reaches of the canyon, the Middle Popo Agie river 

carved through Precambrian granite of the Louis Lake Formation (Dahms 2004). The 

lower (~6000 feet elevation), northeast reaches of the canyon carve through mostly 

horizontal layers of Paleozoic limestones, dolomites and sandstones that typify  the 

region (Dahms 2004). Samples were collected from limestone, sandstone and granite 

cliffs along the northwest canyon walls, which have southeast exposures to the sun. 

Samples of sandstone and limestone communities were collected from sites <10 m 

apart in a horizontally  layered deposit.

Owl Canyon. The Owl Canyon site is located ~26 km north of Fort Collins, 

CO along Colorado State Highway  287 (~40º 45’ N, 105º 10’ W). Owl Canyon cuts 

through layers of uniformly sorted sandstone and nearly  pure limestone (Luiszer 

2005). Endolithic communities were collected from outcrops that face approximately 

south. Sandstone and limestone communities were collected from ~10 m apart from 

the same outcrop.
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2.2.2 Sample collection

Samples were collected with hardened steel chisels that were flame sterilized 

in the field with 100% ethanol and a butane torch. Duplicate rock samples at each site 

were collected from ~30 cm apart into sterile, plastic tubes and bags, and transported 

to the laboratory on ice at ~4º C, where they were processed immediately as described 

below. Samples from Exclamation Point and Sinks Canyon were frozen, transported 

and stored in liquid nitrogen within ~15 minutes of collection.

2.2.3 Ribosomal RNA community analysis

DNA extraction. Community genomic DNA was extracted from replicate 

samples with a modified bead-beating extraction protocol (Dojka et al. 1998). 

Representative samples of endolithic communities (~5-10 g) were prepared with 

sterile, hardened steel chisels. Rock samples were crushed and homogenized with a 

hardened steel “ore-crusher” mortar and pestle (Fisher Scientific) that was cleaned 

with bleach and flame sterilized with ethanol and a butane torch. Crushed rock (~0.25

-0.35 g) was added to a 2 mL sterile screw-top  tube with ~0.5 g of 0.1 mm zirconium 

beads (Biospec), 0.4 mL of 2X extraction buffer (200 mM  Tris [pH 8.0], 50 mM 

EDTA [pH 8.0], 100 mM NaCl, 2% SDS, final concentrations) and 0.6 mL phenol / 

chloroform / isoamyl alcohol (24:24:1). Tubes were beaten for 2 min in an 8-position 

Biospec bead-beater at the highest  setting. The aqueous phase was removed, extracted 

with chloroform / isoamyl alcohol (24:1) and precipitated by  centrifugation with 0.2 

volume 7.5 M ammonium acetate and 1 volume isopropanol. DNA pellets were rinsed 

with 70% ethanol, dried and resuspended in 30-100 µL TE (10 mM Tris; 1 mM 
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EDTA). DNA concentrations were measured with the PicoGreen dsDNA Quantitation 

Kit (Molecular Probes) and a Turner Quantech fluorometer (Barnstead Thermolyne). 

Average yields of extracted DNA were ~5 µg/g of crushed rock. Control extractions 

were performed with washed sand (Fisher Scientific) that was sterilized for 24 h at 

~300º C. Duplicate samples of sand were crushed in the sterilized ore crusher and 

processed in parallel with endolithic community samples. DNA extraction procedures 

were performed in a bleach and UV sterilized AirClean 600 PCR workstation 

(AirClaen Systems).

PCR amplification of rRNA genes. Small-subunit rRNA genes were 

amplified by PCR with community DNA as template and the universal primers 27F 

(5’-AGAGTTTGATCCTGGCTCAG-3’) or 515F (5’-GTGCCAGCMGCCGCGGTA-

A-3’) and 1391R (5’-GACGGGCGGTGWGTRCA-3’) (Lane 1991). Archaeal 

primers included 4FA (5’- TCCGGTTGATCCTGCCRG-3’), 21FA (5’- 

TTCCGGTTGATCCYGCCGGA-3’) and 1098RA (5’- GGGTCTCGCTCGTTSCC

-3’). The eucaryal primer used was 1195RE (5’-GGGCATCACAGACCTG-3’) in 

combination with 515F. Each 50 µl PCR reaction contained ~50 ng template DNA, 

1.25 U HotMaster Taq DNA Polymerase (Eppendorf), 1X HotMaster buffer (2.5 mM 

Mg2+), 1 mg/ml bovine serum albumin (BSA), 50 µM  each dNTP and 0.2 µM each 

primer. PCR conditions were 94ºC for 2 min, 30 cycles of 94ºC for 15 s, 52ºC for 15 s 

and 65ºC for 60 s and a final 20 min extension at 65ºC. PCR controls with no 

template or extraction controls as template were negative. PCR reactions were mixed 

in a bleach and UV sterilized AirClean 600 PCR workstation (AirClaen Systems).
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Clone library construction. Libraries of 96 randomly selected rRNA gene 

clones were constructed for each community DNA sample. PCR-amplified products 

from four independent PCR reactions were pooled to reduce the chances of PCR 

artifacts (Kanagawa 2003), purified by agarose gel electrophoresis with the Montage 

DNA Gel Extraction Kit (Millipore), and cloned into the pCR4.0 vector with the 

TOPO TA Cloning Kit and TOP10 chemically competent cells (Invitrogen). Clones 

grown for ~16 h at 37º C in ~1 mL of LB broth on an orbital shaker at ~250 rpm. 

Plasmids were isolated by an alkaline lysis miniprep method for direct sequence 

determination (Hugenholtz et al. 1998b) or by “boiled biomass” (a 1:4 dilution of 

culture in 1X TE heated in a thermal cycler to ~85º C for 10 min and centrifuged ) for 

subsequent PCR amplification for sequence determination.

RFLP analysis. Unique rRNA gene clones were identified by restriction 

fragment polymorphism (RFLP) analysis (Hugenholtz et al. 1998b). Ribosomal RNA 

gene clones were amplified by PCR from plasmid preparations and digested with the 

restriction enzymes HinP1I (G/CG/C) and Msp1 (C/CG/G) (New England Biolabs) in 

NE Buffer 2. RFLP digests were analyzed by 2.5% agarose gel electrophoresis in 96-

well format, and visualized by ethidium bromide stain and UV trans-illumunation. 

RFLP patterns were assessed by eye. 

DNA sequence determination. Ribosomal RNA gene clones were sequenced 

on a Licor Global 4200 (Licor) or a MegaBACE 1000 (Amersham Biosciences) DNA 

sequencer. For the Licor system, plasmid preparations were sequenced with the 

Thermo Sequenase cycle sequencing kit (USB) and dye labeled T3 and T7 vector 
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primers (Licor). For the MegaBACE system, PCR products were prepared with the 

ExoSAP-it for PCR Cleanup Kit (USB) and sequenced directly with DYEnamic ET 

Terminator Cycle Sequencing Kit reaction mixtures (Amersham Biosciences).

DNA sequence analysis. DNA sequence data analysis, assembly of 

contiguous sequences (contigs), database storage and BLAST analysis were 

performed with the XplorSeq software package (Frank 2005). Within XplorSeq, raw 

DNA sequencer data was analyzed with the PHRED software package (Ewing and 

Green 1998a; Ewing et al. 1998b) to assign bases and quality scores. Partial 

sequences were assembled into contiguous sequences with the PHRAP software 

package (Ewing and Green 1998a; Ewing et al. 1998b).  rRNA gene sequences were 

compared to a current local database of all GenBank rRNA gene sequences with 

BLAST (Altschul et al. 1997) to determine their approximate phylogenetic affiliation. 

I used the method described by Hugenholtz et al. (1998b) to identify chimeras , which 

were excluded from further analysis.

Phylogenetic analysis. Complete rRNA gene sequences were exported from 

XplorSeq and aligned to a database of ~10,000 SSU rRNA gene sequences 

representative of known biological diversity  (Hugenholtz et al. 1998a) with the ARB 

software package (Ludwig et al. 2004). Basic phylogenetic analysis was performed 

with ARB. Additional phylogenetic analysis was performed with the PAUP* 4.0 

(Swofford 2002) and Mr Bayes 3.0 (Ronquist and Huelsenbeck 2003) software 

packages as previously described (Harris et al. 2004). Complete, overlapping, aligned 

datasets of >700 nucleotides were exported from ARB with the filter mask 
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“lanemaskPH” (Hugenholtz et al. 1998a), which is based on the original “Lane mask” 

(Lane 1991) and excludes ~300 ambiguous positions of the complete ~1500 

nucleotide SSU rRNA alignment that cannot be aligned with confidence.

To determine which model of evolution best fit the data for ML and Bayesian 

analyses, I used the Modeltest program (Posada and Crandall 1998). With PAUP*, 

heuristic searches were performed with the minimal evolution (ME) (number of 

repetitions [nreps] = 100), maximum parsimony (MP) (nreps = 100), and maximum 

likelihood (ML) (nreps = 10) methods to find the best possible tree. To test the 

confidence of inferred topologies in trees, bootstrap analyses were performed with 

ME (with GTR, K2P, LogDet, and P models of evolution (Swofford 2002)), MP, and 

ML with 100 bootstrap  replicates with 10 random addition sequence replicates per 

bootstrap. For Mr Bayes, at least 106 generations of the Markov chain Monte Carlo 

simulations were calculated. Likelihood scores were plotted to determine “burn-in”, 

the number of trees to discard from the run prior to stabilization of likelihood scores 

(Ronquist and Huelsenbeck 2003).

2.2.4 Statistical methods 

Capture-recapture statistics. To estimate richness and coverage, sequences 

were collected into operational taxonomic units (OTUs) based on sequence identity at 

different fixed levels of identity from 95% to 100% in 1% increments with a 

computer script written in the Python programming language that analyzes distance 

matrices exported from ARB (Wilcox 2005), which I modified further. Distance 
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matrixes were calculated in ARB with the LanemaskPH filter (see below). OTU 

richness and coverage estimators Chao1, SACE, Good’s C and CACE (see Appendix A 

for formulas) were calculated with the software program EstimateS version 6b1 

(Colwell 1997) with default settings and 100 random sample repetitions.

Phylogenetic statistical methods. I compared collections of community 

rRNA gene sequences with the phylogenetic statistical tests, the “phylogenetic test” 

(P test) (Martin 2002) and the “distance test” (D test) (Lozupone and Knight 2005), 

which calculate probabilistic differences between sequence sets in phylogenetic trees 

with parsimony (P test) and distance (D test) methods. The P test  tests whether there 

are more distinct lineages in a tree than expected by chance. The D test assesses the 

fraction of branch length in a tree unique to each sequence set (the unique fraction 

length or UFL). Both statistics calculate the probability that sequences in two sets 

compared are derived from the same sequence population with randomly permuted 

trees. Probability values (p-values) are calculated as the ratio of 1000 randomly 

permuted trees with fewer parsimony changes (P test) or less unique fraction length 

(D test) than the original tree. I considered p  values ≤ 0.05 as significant to reject  the 

hypothesis that two sequence sets were derived from the same sequence population. 

The P test and D test were computed with the Phylonode software module (Lozupone 

and Knight 2005). Results for both tests were nearly identical; therefore, I report only 

results from the D test. The P and D tests are less sensitive to the relative abundance 

of observed taxa than are capture-recapture statistics (Martin 2002; Lozupone and 

Knight 2005). Therefore, the sequences representative of unique RFLP types in a 
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clone library  are adequate for the application of these tests. I also used Phylonode to 

search for internal nodes with significant differences between sequence sets and to 

cluster sequence sets by UFL with the UPGMA cluster algorithm (Hillis and Moritz 

1990).

2.2.5 Microscopy

Samples were observed with a Nikon ES600 epifluorescent microscope 

equipped with the following dichroic filter sets: Texas Red, exciter D560/40, emitter 

D630/60, beam splitter 595 DCLP (Chroma Technology Corp); DAPI, exciter D360/

40, emitter D460/50, beam splitter 400 DCLP (Chroma Technology Corp). 

Chlorophyll autofluorescence was detected with the Texas Red filter set (see Chapter 

4, section 4.2.3 and section 4.3.7).

2.2.6 Accession numbers

Sequences of rRNA gene clones determined are available in GenBank (Walker 

and Pace 2005c).
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2.3 Results

The microbial composition of Rocky Mountain endolithic communities was 

determined by rRNA gene census. For all communities, two 96-clone universal 

libraries were constructed from independent community  DNA samples, which were 

extracted from duplicate rock samples collected ~30 cm apart. Unique clones were 

identified by restriction fragment length polymorphism (RFLP) analysis, which 

reliably  distinguishes unique rRNA gene clones (Dojka et al. 1998). Representative 

clones from each library  were sequenced. RFLP types with representative sequences 

≥99% identical were considered the same type. I determined the kinds of organisms 

represented by the rRNA genes by comparison of representative sequences to known 

sequences with the basic local alignment tool (BLAST, Altschul et al. 1997) and 

phylogenetic analysis.

Microbial communities are highly complex and rRNA gene surveys do not 

sample all genetic diversity. Therefore, I assessed the representativeness of rRNA 

gene clone libraries of endolithic communities in this study by several methods. 

Collectively, results from these analyses, presented in section 2.3.1, indicate that the 

clone libraries are representative samples of the incidence and abundance of rRNA 

genes present in the Rocky  Mountain endolithic communities. Based on these results, 

data from replicate libraries were combined to represent the composition of each 

community, which are presented in section 2.3.2. In order to test  ecological 
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hypotheses about endolithic communities, rRNA gene compositions were compared 

with statistical methods. The results of these comparisons are presented in section 

2.3.5. 

2.3.1 Sample representativeness

I assessed the representativeness of rRNA gene surveys of Rocky Mountain 

endolithic communities with the following methods: [1] comparison of results from 

alternative PCR primers; [2] estimation of potential un-sampled rRNA diversity 

(richness); [3] assessment of representative sequence diversity; [4] estimation of 

sample coverage; and [5] statistical assessment of the similarity  of replicate clone 

libraries (autosimilarity). In order to compare statistically  representative sets of rRNA 

gene sequences, I used the “distance test” (D test) phylogenetic statistical method that 

compares sequence sets in phylogenetic trees by random permutation and calculates 

the probability that sequence sets represent samples of the same population (see 

section 2.2.4).

Alternative PCR primers. PCR primers can bias the representativeness of 

rRNA gene surveys through differential amplification that results from primer 

selectivity. In order to assess the representativeness of universal clone libraries at the 

Forest Quarry  site, I constructed clone libraries with alternative PCR primer sets that 

target representatives of the bacterial, archaeal and eucaryal phylogenetic domains. 

Since bacterial sequences dominated universal libraries from the Forest Quarry 

community  (this includes plastid rRNA sequences), comparison of universal and 
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bacterial libraries also assesses potential bias in PCR amplification due to differential 

primer selectivity. Results (see section 2.3.6) indicated rRNA gene diversity is 

relatively low and mostly bacterial.

Statistical comparison of representative sequences from universal and 

bacterial libraries with the D test showed no significant difference (p>0.95) and 

libraries had similar incidence and abundance of rRNA gene-types. These results 

suggest there was no significant bias in PCR amplification of rRNA genes due to 

differential primer selectivity. Eucaryal libraries consisted of one rRNA gene type, 

which is most closely related to the nuclear (18S) rRNA gene of an uncultured alga 

that dominates an Antarctic endolithic community  (de la Torre et al. 2003). No 

archaeal sequences were detected at the Forest Quarry site with archaeal-specific 

PCR primers. Nevertheless, archaeal sequences were detected in other Rocky 

Mountain endolithic communities. Collectively, these results indicate that universal 

libraries are representative of the abundant diversity present in the communities.

Estimated RFLP-type richness. In order to assess potential un-sampled 

diversity due to sample size, I estimated the richness (true diversity) of RFLP types 

and sequences with the non-parametric Chao1 richness estimator (Chao 1984, 1987, 

1989; Kemp and Aller 2004). Such estimators are based on macro-ecology models of 

capture and recapture in communities, and are applied widely in microbial ecology 

(Hughes et al. 2001; Bohannan and Hughes 2003). Chao1 richness estimates are 

calculated from the incidence and abundance of operational taxonomic units (OTUs). 

In this case, I defined unique RFLP types as OTUs and calculated Chao1 for each 
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community. Results shown in Table 2.1 indicate RFLP-type richness estimates for 

most libraries were within two-fold of observed values. Estimated richness for the 

Sinks Canyon sandstone was higher, which reflects the relatively large number of 

unique RFLP types in these libraries (~57). These results collectively  suggest the 

potential diversity of community RFLP types is within several-fold of the diversity 

observed. Chao1 estimates for all communities were <200% of observed richness, 

which is a typical goal for representative samples (Cao et  al. 2002).

Sequence diversity. In order to assess potential sequence diversity not 

revealed by RFLP analysis, I collected all sequences determined for each community 

into relatedness groups (OTUs) based on sequence identity  of strictly  homologous 

nucleotides (see Materials and Methods) at a series of thresholds (100% identity, 

99%, etc.). Results provide a rough indication of diversity at traditional taxonomic 

levels, as shown in Table 2.2. In general, the number of OTUs observed at thresholds 

between ~97% and 99% sequence identity was similar to the number of RFLP types 

observed for each community type. This range of rRNA sequence identity  is 

considered a conservative estimate of species-level diversity (Stackebrandt and 

Goebel 1994). This suggests RFLP analysis is an approximate measure of species-

level diversity in these communities. These results may underestimate true sequence 

diversity because only  representative sequences were determined, although in most 

cases replicate sequences of RFLP types were identical.
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Granite

FQSS OCSS SCSS EPLS OCLS SCLS SCGR

Bacteria

Acidobacteria 1 4 4 4 2.0

Actinobacteria 5 31 21 16 22 32 42 24.1

Bacteroidetes 1 21 1 2 9 7 1 5.8

Candidate OCLSb 3 0.4

Chlorobi 1 0.1

Chloroflexi 2 1 7 2 2 6 2.7

Cyanobacteria 23 22 48 48 23 24 2 27.2

Deinococcus 1 8 1.3

Firmicutes 2 2 1 1 2 10 2.6

Fungi 1 0.1

Gemmimonas 1 2 1 0.6

OP10 1 2 2 0.6

Planctomycetes 1 1 0.2

Proteobacteria 6 7 11 13 21 18 7 11.8

Verrucomicrobia 6 0.9

Archaea

Crenarchaeota 19 2 8 25 7.6

Eucarya

Chlorophytes 58 1 13 2 10 1 12.1

Totals 100 100 100 100 100 100 100 100

Average BLAST %IDc 94 92 94 91 92 95 94 93

Libraries analyzed 13 4 2 6 4 2 2 33

~Clones analyzed 1185 384 192 576 384 192 192 3105

~RFLP types 29 18 57 18 40 43 38 243

~Clones sequenced 300 104 91 107 142 84 165 993

Chao1 richness (RFLP) 35 18 93 28 38 61 46 319

CACE coverage (RFLP) 98% 77% 87% 96% 84% 69% 87% 85%

Sequence types (97% ID) 30 17 48 14 45 41 21 216

Avg / 

Sum

% rRNA clones in community

Table 2.1. Phylogenetic composition  of Rocky Mountain endolithic communitiesa

Sandstone LimestonePhylogenetic Division

aRepresents data combined from replicate libraries for Forest Quarry sandstone (FQSS), Owl Canyon 
sandstone (OCSS) and limestone (OCLS), Sinks Canyon sandstone (SCSS),  limestone (SCLS)  and 
granite (SCGR), and Exclamation Point limestone (EPLS). bSequences may represent new division-
level group; however, sequences from other environments are required to test. cAverage sequence 
identity of closest GenBank relative for each community.



Coverage. I assessed the coverage of clone libraries with the CACE estimator 

(Chao 1984; Kemp and Aller 2004). The CACE statistic estimates the fraction of 

diversity sampled and is based on capture-recapture statistics. Estimates of CACE were 

calculated from the incidence and abundance of RFLP types in datasets that combined 

the results from replicate libraries representative of each Rocky  Mountain endolithic 

community. Results shown in Table 2.1, indicate CACE estimates for most Rocky 

Mountain endolithic communities exceeded the standard target of 50% coverage for 

representative samples (Cao et al. 2004). 

Autosimilarity. Autosimilarity is the similarity among replicate samples 

randomly drawn from a population, and is considered a robust measure of sample 

representativeness (Cao et al. 2002). I measured autosimilarity of RFLP data from 
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aAligned sequences grouped into operational taxonomic units (OTUs) with shared sequence identity ≥ 
the indicated cutoff of sequence identity. bApproximate relationship between rRNA sequence identity 
and traditional taxonomic levels for comparison purposes. The actual relationship varies and is not 
well understood. b OTUs represent groups of aligned, Lane-masked sequences (see Methods) related 
at ≥ the OTU cutoff. cCommunity abbreviations are Forest Quarry (FQ), Owl Canyon (OC), Sinks 
Canyon (SC) and Explanation Point (EP).

Granite

FQSS OCSS SCSS EPLS OCLS SCLS SCGR

100 135 34 68 31 92 56 43 533

99 40 24 60 22 64 49 29 329

97 Species 30 17 48 14 45 41 21 227

95 Genus 27 16 41 12 34 35 18 157

93 23 15 36 9 23 27 11 99

91 Family 20 14 30 8 18 12 8 65

89 16 12 14 7 15 10 6 34

87 Order 9 12 6 7 8 5 6 13

85 5 8 5 7 6 3 5 6

Table 2.2. Rocky Mountain endolith OTU clusters by community

Approx. 

Taxonomic 

Levela

 OTU 

Cutoff   

(% ID)

Sandstone Limestone
RM All

Number of OTUsb



replicate clone libraries with an incidence and abundance-based statistic, the 

Morisita-Horn similarity index (Colwell 1997), which ranges from no similarity  (0) to 

identity  (1). Morisita-Horn similarity values for duplicate libraries ranged from 0.47 

to 0.96, with an average of 0.79. These results indicate that  duplicate libraries from 

most sites had relatively high autosimilarity. In general, the Morisita-Horn results 

show significant autosimilarity between replicate libraries. I also measured the 

autosimilarity  of sequence data from replicate libraries with the D test. Results 

indicated there is no significant difference (p > 0.26) in the phylogenetic composition 

among replicate libraries. These results are consistent with those of the Morisita-Horn 

similarity measure, which collectively  indicate that clone libraries from Rocky 

Mountain endolithic communities had high autosimilarity. This suggests clone 

libraries are representative samples.

2.3.2 Composition of Rocky Mountain Communities

In order to determine the kinds of organisms represented by the rRNA gene 

cones, I compared their sequences to the >200,000 rRNA gene sequences currently in 

GenBank by BLAST. Representative sequences also were aligned with the ARB 

phylogenetics software package (Ludwig et al. 2004), with the aid of a database of 

~10,000 reference rRNA gene sequences representative of known microbial diversity 

(Hugenholtz et al. 1998b). The phylogenetic position of aligned sequences was 

calculated by insertion into a tree of all sequences from the reference database. The 

phylogenetic affiliations of sequences determined by BLAST and ARB were 
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generally  consistent. Sequences with inconsistent results were analyzed further to 

determine the phylogenetic affiliations.

Comparison to known microbial diversity. Rocky Mountain endolith 

sequences were related to known sequences by an average of only ~94% sequence 

identity, as shown in Table 2.1. The distribution of relatedness between Rocky 

Mountain endolith sequences and their closest match in GenBank is shown in Figure 

2.3. Approximately  30% of unique Rocky Mountain endolith sequences were related 

to known sequences at ≥97% sequence identity, which suggests that ~70% of unique 

sequences (~350) represent new species (Stackebrandt and Goebel 1994).

Overall composition. The rRNA gene composition of each Rocky Mountain 

endolithic community  type is summarized in Figure 2.4, which shows the affiliation 

of the most abundant clones from each community at the phylogenetic level of 

division. This phylogenetic level of division is approximately equivalent to the 

traditional taxonomic level of Kingdom (Hugenholtz et al. 1998a). Approximately 

2500 clones were analyzed by RFLP and ~800 sequences were determined partially 
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Figure 2.3. Distribution of sequence 

identities of the closest relative of each 

Rocky Mountain rRNA sequence in 

GenBank determined by BLAST.
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Figure 2.4. Phylogenetic composition of Rocky Mountain endolithic communities. Rock 

types are sandstone (SS), limestone (LS) and Granite (GR).



or completely, as shown in Table 2.1. Phylogenetic diversity was highest in clones 

representative of bacteria. Bacterial clones also were the most abundant, except in the 

Forest Quarry community where rRNA sequences representative of plastids of 

eucaryotic algae dominated clone libraries. Archaeal sequences also were common 

and constituted up to ~25% of universal clone libraries from some communities.

Rocky Mountain endolithic communities were composed of organisms with 

rRNA gene sequences representative of ~15 of the ~75 currently recognized bacterial 

divisions (Hugenholtz  et al. 1998a; Rappe et al. 2003; Harris et al. 2004; Harris 

2005). Comparison of the Rocky  Mountain communities (section 2.3.5) finds 

significant similarities in overall composition at broad phylogenetic levels, such as 

division. Remarkably, most communities share some rRNA genes with ≥ 97% 

identity. However, comparison of communities at the sequence level with the D test 

finds significant similarity between only two communities, the Forest Quarry and 

Antarctic “lichen-dominated” communities.

Comparison of the rank-abundance distribution of sequences that represent 

each bacterial division across all community  types indicates that typically >95% of 

sequences from a community  belonged to just nine bacterial divisions. Sequences 

representative of the Actinobacteria, Cyanobacteria and Proteobacteria were ranked 

highest and constituted a substantial fraction of sequences from each community 

(average ~59% ± 16%). This suggests that a few broadly  related kinds of organisms 

are most common in Rocky Mountain endolithic communities and may form the 
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foundation of these communities across the range of physical and environmental 

conditions encompassed in this study.

2.3.3 Primary producers

Primary  production is the transformation of inorganic carbon into biomass. 

Oxygenic photosynthetic organisms (phototrophs) are considered the main primary 

producers of endolithic communities. Ribosomal RNA genes representative of 

oxygenic phototrophs, cyanobacteria and eucaryotic algae, comprised a substantial 

fraction of most Rocky Mountain endolithic communities. Phylogenetic analysis of 

Rocky Mountain rRNA gene sequences also indicates the presence of organisms 

related to cultivated representatives with other kinds of autotrophic metabolisms, 

which include aerobic anoxygenic photosynthesis and lithoautotrophy. These results 

suggest the possibility  that  other kinds of autotrophic metabolisms participate in the 

energy flow of these communities, although this has not been confirmed.

Cyanobacteria. Cyanobacterial sequences represented ~20-50% of 

communities except for the Sinks Canyon granite community, in which only ~3% of 

sequences represented known phototrophs. Sequences representative of eucaryotic 

algae were present in most libraries and dominated those from the Forest Quarry site. 

I determined the sequences of ~100 cyanobacterial clones representative of RFLP 

types in Rocky Mountain clone libraries and compared them to known sequences by 

BLAST. Figure 2.5 shows the distribution of the sequence identities of Rocky 

Mountain cyanobacterial sequences and their closest match in GenBank. Sequences 
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were most closely related to known cyanobacterial sequences by an average of ~93% 

rRNA sequence identity. Most sequences (~98%) were <97% identical to known 

sequences, which suggests most cyanobacteria in these communities are novel 

species. Comparison of Rocky Mountain sequences to each other showed the 

sequences formed ~14 relatedness groups at 97% sequence identity.

In order to assess the phylogenetic relationships of Rocky Mountain 

cyanobacteria, I compared representative rRNA gene sequences to those of their 

closest known relatives, as well as a set of reference sequences representative of 

cultivated cyanobacterial diversity  (Turner et al. 1999). Results summarized in Figure 

2.6 indicate most representative sequences form two novel cyanobacterial clades with 

significant statistical support. The average distance between Rocky Mountain 

sequences was ~0.11 nucleotide changes per site, or ~11% sequence divergence. 

Representative Rocky  Mountain sequences were all ≤ 97% identical. Pair-wise 

comparison of cyanobacterial sequences from each community with the D test found 

significant differences between all communities. These data suggest different 

cyanobacteria inhabit each Rocky Mountain community, and they are considerably 
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Figure 2.6. Diagramatic tree of the phylogenetic relationships of Rocky Mountain 

cyanobacterial sequences and reference sequences representative of cyanobacterial diversity 

(Turner, 1999). Percentages indicate abundance of sequence type in community. Filled circles 

indicate nodes with ≥70% bootstrap support  by neighbor joining with maximum likelihood 

rate corrections and Bayesian inference. Sequence groups designated by Turner (1999) are 

indicated by brackets at right: Phormidium  (PHOR), Synechococcus (SO), Leptolynbia 

(LEPT), Pseudoanabaena (PSAN), Nostocales (NOST), Oscillatoria (OSC), Synechocystis/

Pleurocapsa/Microcystis (S/P/M), Chloroplasts (PLAST) and Gloeobacter (GBACT).

0.10 nucleotide changes / site

PHOR

SO

LEPT

PSAN

ENDO1

NOST

ENDO2

OSC

S/P/M

PLAST

GBACT

Escherichia coli X80725 (γ-Prtoebacteria, outgroup)

"Plectonema" sp. AF091110
Antarctic "cyanobacteria-dominated" AY250870 (30%)

Phormidium minutum X62685
Synechococcus sp. WH 8101 AF001480

Synechococcus elongatus PCC 7942 AF132930
Prochlorothrix hollandica AF132792

Leptolyngbya sp. X84809
Leptolyngbya sp. PCC 73110 X84810

Pseudanabaena sp. PCC 6903 AF132778 
"Phormidium mucicola" AB003165 

Anabaena cylindrica PCC 7122 AF091150
Cylindrospermum stagnale PCC 7417 AF132789

Nostoc punctiforme PCC 73102 AF027655
Chlorogloeopsis sp. PCC 6718 AF132777

Trichodesmium sp. X70767
Oscillatoria corallinae X84812
Microcoleus chthonoplastes PCC 7420 X70770

Microcystis aeruginosa U40340
Gloeocapsa sp. PCC 73106 AF132784

Pleurocapsa sp. PCC 7516 X78681
Synechococcus sp. PCC 7002 AJ000716

Spirulina sp. PCC 6313 X75045

Chlorella kessleri plastid D11346

Antarctic "lichen-dominated" chlorophyte AY250858 (22%)
Koliella sempervirens plastid AF278747

Klebsormidium flaccidum plastid X75522

Cyanidium caldarium plastid X52985
Emiliania huxleyi plastid X82156

Cyanophora paradoxa plastid U30821
Gloeobacter violaceus AF132790

Owl Canyon Limestone OCLS2H05 (1%)

Owl Canyon Limestone OCLS2G04 (5%)

Owl Canyon Limestone OCLS2E05 (15%)

Owl Canyon Limestone OCLS2B05 (2%)

Sinks Canyon Limestone SCD01B09 (3%)

Sinks Canyon Limestone SCD01B01 (19%)

Sinks Canyon Limestone SCD01E12 (7%)

Sinks Canyon Limestone SCD01H09 (3%)

Sinks Canyon Limestone Endolith SCLS1G02 (2%) 

Exclamation Point Limestone EP2_6 (42%)

Exclamation Point Limestone EP2_2 (1%)

Exclamation Point Limestone EP2_12 (7%)

Sinks Canyon Sandstone SCE01E07 (38%)

Sinks Canyon Sandstone SCE01A02 (9%)

Sinks Canyon Granite SCB01D08 (2%)
Sinks Canyon Sandstone SCE01C07( 1%)

Owl Canyon Sandstone OCSS2A03 (22%)

Forest Quarry Sandstone FQB07D04 (1%)

Forest Quarry Sandstone FQB08C09 (1%)

Forest Quarry Sandstone FQB07A02 (20%)

Forest Quarry Sandstone FQB07E02 (8%)

Forest Quarry Sandstone FQB07A06 (54%)



different from cultivated representatives. Also, Rocky Mountain cyanobacterial rRNA 

sequences were not closely  related to those cloned from an Antarctic endolithic 

community  (de la Torre et  al. 2003).

The phylogenetic affiliations of Rocky  Mountain sequences representative of 

algal plastid rRNA genes are also shown in Figure 2.6. The Forest Quarry community 

was dominated by  such sequences, the majority of which were most closely  related (~ 

97%) to algal plastid sequences cloned from an Antarctic endolithic community. 

Results indicate both of these representative rRNA sequences are remotely related 

(~90%) to the chlorophytes, Koliella sempervirens. Another group of plastid 

sequences occurred with lower frequency in clone libraries from Forest Quarry, 

Exclamation Point and Sinks Canyon limestone, which were most closely related 

(~92%) to plastids of Chlorella species. These results suggest that most algae in the 

Rocky Mountain endolithic communities are novel members of the green algal class 

Chlorophyceae, previously observed in other endolithic communities (Warscheid and 

Braams 2000; de la Torre, et al. 2003).

Nuclear rRNA genes representative of eucaryotic algae were also cloned from 

other Rocky Mountain endolithic communities, although with less frequency. Most 

nuclear algal sequences were most closely related (~96% sequence identity) to rRNA 

genes cloned from an Antarctic endolithic community (de la Torre et al. 2003) 

(GenBank accession AY250850). Phylogenetic analysis of these sequences indicates 

they  represent also novel chlorophytes, presumably the host of the chloroplast 

sequence detected. Nuclear algal genes were cloned only in eucaryal libraries 
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representative of the Forest Quarry community and not  universal libraries, which 

were dominated by algal plastid sequences. Nuclear algal genes probably were not 

detected in universal libraries due to the relative abundance of chloroplasts observed 

in individual cells by microscopy (section 2.3.10).

Proteobacteria. Proteobacterial clones also were relatively  common and 

abundant in libraries representative if the Rocky  Mountain endolithic communities. 

Representative clones from Forest Quarry  and all Sinks Canyon communities were 

closely related (~95-98% sequence identity) to a group of α-proteobacterial sequences 

cloned from a “lichen-dominated” Antarctic community (de la Torre et al. 2003). 

Collectively, these sequences associate with those of known aerobic anoxygenic 

phototrophs, which suggests a potential role for aerobic anoxygenic photosynthesis in 

these communities (de la Torre et al. 2003). In order to test this hypothesis, I screened 

Rocky Mountain endolithic communities by PCR and sequence analysis for pufL and 

pufM genes, which encode the L and M  subunits of the photosynthetic reaction 

centers of most known anoxygenic phototrophs (Achenbach 2001). Results were 

unsuccessful and suggest that any anoxygenic phototrophs present in these 

communities have divergent reaction center proteins. Furthermore, analysis of 

photosynthetic pigments by multi-spectral high performance liquid chromatography 

(HPLC)  found no evidence of known bacterial chlorophylls (Maresca et al. 2005).
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2.3.4 Consumers

Heterotrophic organisms are known to inhabit endolithic communities and are 

considered mostly consumers of chemical energy derived from autotrophic primary 

producers (e.g. Vestal 1988a). Ribosomal RNA genes not specifically related to 

known autotrophic organisms constituted a remarkably  large fraction of most Rocky 

Mountain endolithic clone libraries. Such rRNA genes constituted the most diverse 

group of sequences encountered in the Rocky Mountain communities and included 

bacterial and archaeal sequences. I will refer to these organisms as consumers, 

however, autotrophy cannot be ruled out completely  for these organisms. Ribosomal 

RNA clones representative of potential consumers constituted an average of ~34% of 

libraries, as shown in Table 2.1.

The distribution of the sequence identities of potential consumer sequences 

and their closest  match in GenBank is shown in Figure 2.7. Representative rRNA 

gene sequences were related to those in GenBank by an average of ~93%. This 

suggests most potential consumers in the Rocky Mountain endolithic communities 
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identities of the closest relative of each 

“consumer” rRNA sequence in GenBank 

determined by BLAST.



represent new microbial diversity  equivalent to at least the taxonomic level of Order. 

At this level of rRNA sequence divergence from cultivated representatives it is 

difficult to assess a specific physiological or ecological function for the represented 

organisms. However, such organisms are expected to share properties in common 

with cultivated representatives at the level of phylogenetic relatedness.

Of the ~16 phylogenetic divisions represented by rRNA gene clones of 

potential consumers in Rocky Mountain libraries, only ~6 were consistently 

represented in relatively  high proportion. These include the bacterial divisions 

Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, and Proteobacteria as well as 

members of the Crenarchaea. Organisms from these groups likely form the consumer 

core of Rocky Mountain endolithic communities. Clones that represent  the rest of the 

phylogenetic divisions constituted relatively small proportions of libraries from a few 

communities. 

Actinobacteria. The most common, abundant and diverse phylogenetic group 

of clones was representative of actinobacteria (high G+C Gram positive bacteria). 

Actinobacterial clones accounted for a substantial (average 24%) fraction of most 

clone libraries. The Actinobacterial division encompasses a highly diverse group  of 

organisms common to terrestrial environments, particularly dry environments. In fact, 

actinobacteria are considered the most common heterotrophic organisms in endolithic 

communities (Warscheid and Braams 2000) (see discussion). The relatedness of 

actinobacterial rRNA gene clones to those in GenBank is shown in Figure 2.8. 

Results indicate that ~70% of representative sequences were <97% identical to 
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known sequences, which suggests most Rocky  Mountain actinobacteria are novel 

species. Actinobacterial sequences represented a substantial portion of known 

actinobacterial diversity (Stackebrandt 1997; Rappe 1999), as illustrated in Figure 

2.9. These kinds of organisms are common in soil and rock environments, where they 

often form branched, filamentous networks (mycelia). Many representatives are 

highly  resistant to desiccation and form resting states. All Rocky Mountain 

communities had actinobacterial rRNA sequences most closely related (~92-98% 

sequence identity) to a variety of actinobacterial rRNA sequences cloned from 

Antarctic endolithic communities (de la Torre et  al. 2003).

Other potential heterotrophs. Bacteroidetes representatives were 

Cytophagales, most closely related to the genera Flexibacter and Sporocytophaga. 

Cultivated representatives are known to digest polysaccharides, such as cellulose and 

chitin. Chloroflexi sequences were not closely  related to cultivated representatives. 

Sequences from Sinks Canyon were most closely related (90-96%) to a 

“cyanobacteria-dominated” Antarctic endolith clone (GenBank accession AY250886, 

AY250875). The role of these organisms is a mystery. Crenarchaeal sequences were 
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Escherichia coli

Corynebacteriaceae SCGR ANTL

ENDO-1 FQSS SCGR ANTL 

Actinosynnema mirum

Pseudonocardia SCGR

Micromonospora EPLS SCGR SCSS SCLS 

Geodermatophilus SCGR EPLS 

Ellin soil group

Frankia
Streptomyces

ENDO-2 ANTC SCLS 

Sporichthya ANTL ANTC SCGR EPLS

Dermacoccus SCGR

Micrococcus EPLS SCGR

Dermabacter
Brevibacterium

ENDO-3 EPLS SCGR

ENDO-4 YELL

Cellulomonas 

Kineococcus SCLS

Actinomyces SCSS YELL

Bifidobacterium ANTC SCGR

Acidimicrobium SCGR ANTC YELL STROM

ENDO-5 STROM

ENDO-6 SCGR SCSS YELL

ENDO-7 ALL

ENDO-8 FQSS OCSS SCSS

GROUP "RM4" ALL

Figure 2.9. Diagramatic distance tree of the Actinobacteria phylogenetic division shows the 

broad distribution of endolithic rRNA gene sequences in this division. Open wedges 

represent the main recognized groups within the Actinobacteria (Stackebrandt 1997). Filled 

wedges represent new actinobacterial groups formed by endolithic sequences (ENDO-1 - 

ENDO-8). The general topology of the tree is supported by neighbor-joining bootstrap and 

Bayesian analysis (not shown) and is consistent with previous phylogenetic analyses 

(Stackebrandt 1997). Communities with representative sequences in groups are coded as 

follows. Rock type: sandstone (SS), limestone (LS) and granite (GR). Rocky Mountain study 

sites: Forest  Quarry (FQ), Exclamation Point (EP), Owl Canyon (OC), Sinks Canyon (SC). 

Yellowstone (Chapter 3) communities (YELL). Stromatolite (Chapter 4) communities 

(STROM). All communities studied in this dissertation (ALL).



designated group C1b (Hugenholtz et al. 1998a), which is a group known only from 

cloned rRNA sequences. Clones mostly  come from soil, deep rock and sediment 

samples.

2.3.5 Community comparison

In order to compare the phylogenetic composition of Rocky Mountain 

endolithic communities and test the hypothesis that rock type or other site-specific 

characteristics influence the phylogenetic composition of endolithic communities, I 

statistically  compared sequence sets representative of each community with the D test 

(Lozupone and Knight 2005). Sequence sets representative of two distinct  Antarctic 

sandstone communities (de la Torre et al. 2003) were included in this analysis in order 

to compare their phylogenetic composition to that of Rocky  Mountain communities. I 

also included a sequence set that represents a high temperature (~70º C) hot spring 

community  (Spear et al. 2005) as an out-group community. 

Results indicate the phylogenetic composition of most  communities differ 

significantly (p<0.05), despite a notable similarity at higher taxonomic levels. One 

notable exception is the comparison of the Forest Quarry sandstone and Antarctic 

“lichen-dominated” communities, which found a strong probability the sequences 

were drawn from a similar phylogenetic population (p=0.887). The D test p-value was 

just above the designated significance threshold of 0.05 for the comparison of 

Exclamation Point  limestone and Antarctic “cyanobacteria dominated” (p=0.053), 

which suggests the communities could have similar phylogenetic compositions. Most 
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results suggest site-specific characteristics other than rock type alone may influence 

the finer scale phylogenetic structure of these communities. Alternatively, the results 

could indicate endolithic communities are relatively random assemblages of 

organisms at any location. This is inconsistent, however, with the similarity observed 

between replicate community samples from the same site, which suggests 

communities are well defined assemblages, at  least  on scales of ~30 cm.

To further explore the relationships between the phylogenetic compositions of 

the communities, I compared a matrix of UFL distances from each pair-wise 

comparison of representative sequence sets with the Unweighted Pair Group Method 

with Arithmetic Mean (UPGMA) cluster algorithm. This method clusters the 

community  sequence sets based on their overall phylogenetic relatedness, as plotted 

in Figure 2.10. Results show a pattern of relationships more complicated than 

expected. For example, most communities do not cluster by  rock type. Instead, 

sandstone and limestone communities from Owl Canyon and Sinks Canyon cluster by 
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Figure 2.10. Rocky Mountain community UPGMA tree of D test UFL distances.
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site, which suggests other site-specific characteristics or geography may have a 

stronger influence on community composition than rock type. However, this does not 

explain the relatively  distant relationship of the Sinks Canyon granite community, 

which appears as an outlier. Remarkably, the Antarctic communities are more closely 

related to Rocky Mountain communities than to each other. Manual and statistical 

comparison of sequences representative of clustered communities suggests possible 

explanations.

Forest Quarry and Antarctic “lichen-dominated”. The Forest Quarry 

community  and Antarctic “lichen-dominated” community are the only communities 

with significantly similar phylogenetic structure of rRNA gene sequences, which 

suggests the microbial compositions of these communities are similar. Both 

communities were dominated by  nearly identical sequences (~99%, AY250858) 

representative of eucaryotic algae. Remarkably, analysis of these sequences indicates 

their closest known relative, cultured or uncultured, is only ~90% identical. This 

suggests very closely  related algal species dominate endolithic communities in these 

geographically and climatically  distant environments. Other closely related sequences 

shared by the communities include representatives of the α-proteobacterial order 

Rhizobiales (~94% identity) and genus Acetobacteria (95-97% identity). These 

communities are also distinguished by  a relatively low abundance of actinobacterial 

sequences. Cyanobacterial rRNA gene clones were also prevalent in the Forest 

Quarry community, and were most closely related to other Rocky Mountain 

sequences. The lichen association in the Antarctic communities has proven rare 
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elsewhere, and the original observation that such communities were devoid of 

cyanobacteria was disproved (Friedmann and Ocampo-Friedmann 1984a), despite a 

lack of evidence from the molecular survey (de la Torre et al. 2003). There was no 

evidence of fungi by  rRNA sequence analysis in the Forest Quarry community, and 

microscopic analysis indicates the algae live free. Thus the term “lichen” as applied to 

these communities is a misnomer.

Exclamation Point and Antarctic “cyanobacteria-dominated”. The 

Exclamation Point  and Antarctic “cyanobacteria dominated” communities are 

characterized by low rRNA gene diversity relative to other communities in this study. 

Comparison of the communities shows a remarkable similarity  in rRNA gene 

sequences in four phylogenetic groups, which were ~95-98% identical. This suggests 

organisms related at the genus and species level inhabit these two communities in 

very different environments in different substrate rocks (sandstone and limestone) 

separated by thousands of kilometers. Related sequences included representatives of 

the α-proteobacterial genus Rhodobacter (~95% identical), which comprised ~30% of 

the Antarctic community, and have been implicated in aerobic anoxygenic 

photosynthesis based on their abundance and evolutionary relationship (de la Torre et 

al. 2003). Other closely related shared sequences included representatives of the 

Cytophaga genus (~96% identity, division Bacteroidetes) and two actinobacterial 

genera, Micrococcus (~97% identity) and Frankia (~93-96% identity). In contrast, 

cyanobacterial sequences were related by  only ~83-90% identity, which represents the 
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most significant difference between the communities as measured by the D test 

(p<0.001).

Owl Canyon and Sinks Canyon. Sandstone and limestone communities from 

Owl Canyon and Sinks Canyon were among the most diverse and complex Rocky 

Mountain communities. Relatively few sequences between communities were related 

at >95% identity, except a few cyanobacterial sequences. Nonetheless, sequences 

representative of these communities tended to form distinct groups to the exclusion of 

sequences representative of other communities. This trend is more pronounced when 

communities from the same site are compared, which helps explain why communities 

are clustered. Groups that all communities share include the Cyanobacteria, 

Actinobacteria and Proteobacteria, which together account for the majority of 

sequences in each library. Groups shared mainly between the Owl Canyon 

communities include the Bacteroidetes and Archaea, which were less prevalent in 

Sinks Canyon communities. Sinks Canyon communities had greater diversity  in the 

number of divisions represented by sequences. Groups that distinguish the Sinks 

Canyon communities include the Acidobacteria, Firmicutes and Chloroflexi.

2.3.6 Spatial variability

In order to assess the spatial variability in composition of the Forest Quarry 

endolithic community, I collected duplicate samples separated by ~30 cm at three 

locations and constructed universal rRNA gene clone libraries from each sample. The 

first site, 0M, was within a prominent drainage at the South end of the wall and ~1.5 
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m above the ground. The second site, 5M, was ~5 m north of site 0M at the same 

height. Site 20M  was ~20 m north of site 0M  and ~5 m above the ground.

In order to assess statistically  the similarity  of RFLP types in the libraries, I 

calculated Morisita-Horn similarity values for each pair-wise comparison. The 

Morisita-Horn statistic accounts for incidence and abundance, and is less sensitive to 

variations in sample size than related similarity statistics (Colwell 1997). Libraries 

had an average similarity value of 0.95, as shown in Table 2.3. Replicate libraries 

were highly similar, with values of 0.99-1, which suggests little significant variation 

in community composition at spatial scales on the order of ~30 cm. Comparison of 

libraries between sites also shows little substantial variation in community 

composition at scales on the order of ~5-20 m. Finally, the similarity of libraries 

constructed with bacterial and universal primers suggests there is no obvious primer 

selectivity in the PCR amplification of rRNA genes in this case. Thus, the 

communities seem locally relatively  homogeneous.

To further test these spatial distribution hypotheses, I compared the 

representative sequences from each library  with the D test. Results from pair-wise 

comparison of the libraries were mostly consistent with the Morisita-Horn similarity 

results, with the exception that all libraries from site 0M were significantly different 

(p<0.05) from libraries from sites 5M and 20M. Morisita-Horn similarity  values also 

were lower (0.89 ± 0.03) between site 0M  and the other sites. Evidence from random 

removal of nodes in the D test suggests the main difference is in cyanobacterial 

sequences and sequences that represent relatively unique singleton RFLP types in 
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these libraries. This suggests the community at site 0M  may harbor somewhat more 

diversity than the other sites, although all sites were dominated by the same kinds of 

organisms. This could possibly  be explained by increased water availability in the 

drainage site.
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aClone libraries were constructed with universal (UNI) or bacterial (BAC) primer sets. Samples FQA, 
FQC and FQD represent results from duplicate libraries. Exterior surface of sample FQB was removed 
with a sand blaster. bCalculated from RFLP data.

Feb-00 Jun-00 Oct-00 Apr-01

5M 20M 0M 0M 0M 0M

BAC UNI UNI UNI UNI UNI UNI UNI UNI

FQA FQA FQB FQC FQD FQE FQF FQG FQH

Bacteria

Acidobacteria 1 1 1 0 0 0 0 1 0

Actinobacteria 5 5 10 6 7 4 8 7 7

Bacteroidetes 1 1 2 1 0 1 0 0 2

Chloroflexi 2 3 2 0 0 0 0 0 0

Cyanobacteria 24 22 12 7 6 18 16 11 17

Deinococcus 1 1 4 2 1 2 2 4 3

Firmicutes 2 3 1 0 0 2 0 0 0

Planctomycetes 1 0 0 0 0 0 0 0 1

Proteobacteria

!-Proteobacteria 4 4 6 1 1 3 4 3 4

"-Proteobacteria 2 0 3 0 0 1 0 0 2

#-Proteobacteria 1 1 0 0 0 0 0 0 0

Eucarya

Chlorophytes 58 59 58 84 85 67 70 74 63

Total % 100 100 100.0 100 100 100 100 100 100

Clones analyzed 182 185 93 177 179 92 90 95 92

RFLP-types 29 22 16 15 13 15 10 15 14

Chao1 richnessb 31 26 30 18 13 31 31 30 30

CACE coverage (%)b 89 82 84 85 94 79 89 79 87

Morisita-Horn indexc 0.99 0.99 N/A 0.97 0.89 N/A N/A N/A N/A

0M Site (drainage)

Table 2.3. Phylogenetic composition of Forest Quarry rRNA clone librariesa

Oct-99

% rRNA gene types in library

Phylogenetic Division



2.3.7 Temporal variability

In order to test the hypothesis that the composition of Forest Quarry endolith 

communities varies by  season and over time, I collected samples from site 0M  at 

different times over ~1.5 years, as shown in Table 2.3. For each sample, I constructed 

a 96-clone library of rRNA genes amplified with universal primers and compared the 

results as in the initial spatial survey. Results show a relatively similar composition of 

RFLP types over time. In order to test statistically the temporal and seasonal 

variability, I compared the RFLP data with the Morisita-Horn similarity statistic and I 

compared sequence data with the P test and D test. Morisita-Horn values indicated 

high similarity (0.96 ± 0.02) between libraries over time. Comparison of 

representative sequences with the D test also found no significant differences 

(p≥0.63) between libraries over time. These results indicate the composition of the 

Forest Quarry community did not vary significantly  in different seasons over ~1.5 

years and suggest that the community is relatively stable on this time scale.

2.3.8 Aspect variability

In order to test the hypothesis that the direction of exposure with respect to the 

sun (aspect) is a significant influence on endolithic communities, I collected duplicate 

samples of the Exclamation Point community from adjacent cliff walls that faced 

approximately South, East and North. Samples were collected from locations < 100m 

apart from the same limestone unit. Comparison of duplicate libraries indicated they 

were representative samples; therefore, they  were combined into one dataset to 

represent each aspect. Results were highly similar at the division level, as shown in 
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Figure 2.11. I compared statistically  the similarity of RFLP types from each aspect 

with the Morisita-Horn test (similarity >0.88) and the D test (p>0.92). These results 

suggest aspect is not a significant influence on the composition of endolithic 

communities at the Exclamation Point site.

2.3.9 Epilithic component

In order to test the hypothesis that the thin layer of epilithic growth (<50 µm) 

common to the drainage site at  Forest Quarry  (site 0M), was significantly different 

from the underlying endolithic community, I sandblasted the surface of a sample to 

remove the epilithic layer. Microscopic examination of the sandblasted sample 
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Figure 2.11. Phylogenetic composition of Exclamation Point  community from samples 

collected at different  orientations to the sun.



showed a fresh surface devoid of obvious epilithic growth. I constructed a universal 

rRNA gene clone library from the sandblasted sample and analyzed the clones by 

RFLP and sequence analysis. Results from the RFLP analysis, shown in Table 2.3, 

indicate the composition of the sandblasted sample is similar to that of the other 

samples, except for an obvious shift in cyanobacterial RFLP types. Comparison of 

rRNA gene type abundance indicates a decrease in cyanobacterial sequences and an 

increase in actinobacterial sequences, although statistical comparisons found no 

significant differences. Nonetheless, these results suggest the epilithic growth at site 

0M is primarily cyanobacterial. Microscopic analysis of the surface layer is consistent 

with this hypothesis.

2.3.10 Microscopy

Microscopic examination of the Forest Quarry community  showed the 

endolithic green layer was almost exclusively composed of algal cells with diameters 

that ranged from ~1-4 µm, as shown in panel B of Figure 2.12. The morphology of 

these nucleated cells is nearly identical to that of cultivated examples of Chlorella 

spp. Panels D and E show autofluorescence of cells at  wavelengths diagnostic of 

chlorophyll. Cells contained up  to ~10 autofluorescent chloroplasts. Other kinds of 

cells were rare in samples from the green layer, which is consistent with the rRNA 

gene survey results. Samples of the epilithic community consisted of large, 

filamentous and coccoid cyanobacterial cells and Chlorella-like algal cells, as shown 

in Figure 2.12 D-F. These results are consistent with the hypothesis that cyanobacteria 

are more abundant in the epilithic growth.
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Figure 2.12. Forest  Quarry endolithic community. Composite image of surface and interior 

of community (A). Light  micrograph of material scraped from surface of rock shows 

filamentous cyanobacterial cells (B, F). Light micrograph of Cyanidium spp. cells from 

interior (C). Fluorescent image of cells in panels B and C shows autofluorescence indicative 

of chlorophyll a (D, E).
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2.3.11 Biomass

In order to assess the biomass present in select Rocky Mountain endolithic 

communities, I measured the amount of carbon and nitrogen present in crushed, 

homogenized samples with a C:H:N analyzer. Microbial biomass was estimated from 

published values that relate cellular carbon and nitrogen to cell size and biomass. A 

molar ratio of 5.6:1 was assumed for cellular carbon to nitrogen (C:N) (Bratbak 

1985). A 1:2 ratio was assumed for cellular carbon to dry  biomass. Average spherical 

cell volumes of ~500 µm3 were estimated from average diameters of ~10 µm for algal 

cells observed microscopically (section 2.3.10). A ratio of 0.2 pg / µm3 was assumed 

for dry biomass to cell volume (Robertson et al. 1998). Estimates of biomass from 

measured carbon were on the order of ~1 µg dry weight per g of sample and ~107 

cells per g of sample, as shown in Table 2.4.

Measured molar C:N ratios were higher than the reported value of ~5.6:1. 

This suggests a fraction of the carbon measured may not represent cellular biomass. 

For example, such carbon could represent extracellular polymers or detrital organic 

matter, which has lower C:N ratios and longer environmental residence times than 

cellular biomass (Field 1998). Therefore I estimated biomass from measured values 

of nitrogen, which is more labile in the environment and should reflect more 

accurately living biomass. Nitrogen-based estimates were slightly lower, but still on 

the order of ~1 µg biomass and ~107 cells per gram of sample. Duplicate control 

samples for each community were collected from ~10 cm beneath the surface of rocks 

devoid of obvious endolithic communities. Carbon and nitrogen values were below 
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the level of detection in these samples (~0.005 wt. %). Table 2.4 also shows biomass 

estimates for samples of two limestone communities, Exclamation Point and nearby 

Groaning Cave, which was not characterized further. Estimates were similar to those 

for the Forest Quarry community, which suggests these communities have similar 

biomass densities.
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aMeasured by total C:H:N analysis. bBiomass estimates from measured carbon value. cBiomass 
estimates from measured nitrogen, with assumed 5.6:1 molar C:N ratio (Bratbak 1985). dAssumes a 
1:2 ratio of carbon to dry cell weight (Bratbak 1985). eAssumes 0.2 pg / µm3 dry biomass to cell 
volume ratio (Robertson 1998). fB/D below detection. Controls collected from interior (~10 cm) of 
uncolonized rocks.

% C 

(mass)

% N 

(mass)

C:N 

(molar)

Dry wt. / g 

sample (g)d

Cells / g 

samplee

Dry wt. / g 

sample (g)d

Cells / g 

samplee

FQA-1 0.515 0.025 24 5.2E-03 5.2E+07 1.2E-03 1.2E+07

FQA-2 0.205 0.020 12 2.1E-03 2.1E+07 9.6E-04 9.6E+06

FQB-1 0.338 0.020 20 3.4E-03 3.4E+07 9.6E-04 9.6E+06

FQB-2 0.227 0.016 17 2.3E-03 2.3E+07 7.7E-04 7.7E+06

FQC-1 0.338 0.020 20 3.4E-03 3.4E+07 9.6E-04 9.6E+06

FQC-2 0.480 0.032 18 4.8E-03 4.8E+07 1.5E-03 1.5E+07

FQD-1 0.131 0.009 17 1.3E-03 1.3E+07 4.3E-04 4.3E+06

FQD-2 0.083 0.012 8 8.3E-04 8.3E+06 5.8E-04 5.8E+06

EP001 0.179 0.029 7 1.8E-03 1.8E+07 1.4E-03 1.4E+07

EP002 0.245 0.021 14 2.5E-03 2.5E+07 1.0E-03 1.0E+07

EP003 0.147 0.014 12 1.5E-03 1.5E+07 6.7E-04 6.7E+06

EP004 0.181 0.018 12 1.8E-03 1.8E+07 8.6E-04 8.6E+06

EP005 0.486 0.037 15 4.9E-03 4.9E+07 1.8E-03 1.8E+07

GC1 0.361 0.029 14 3.6E-03 3.6E+07 1.4E-03 1.4E+07

GC2 0.307 0.018 20 3.1E-03 3.1E+07 8.7E-04 8.7E+06

GC3 0.201 0.019 12 2.0E-03 2.0E+07 9.0E-04 9.0E+06

GC4 0.061 0.009 8 6.1E-04 6.1E+06 4.3E-04 4.3E+06

GC5 0.438 0.038 13 4.4E-03 4.4E+07 1.8E-03 1.8E+07

Controlsf B/D B/D - - - - -

Average: 0.273 0.021 15 2.7E-03 2.7E+07 1.0E-03 1.0E+07

Sample 

ID

Table 2.4. Estimated biomass of select Rocky Mountain endolithic communities

Measured Valuesa Biomass from NcBiomass from Cb



2.4 Discussion

2.4.1 Molecular community analysis

The overall purpose of this study was to assess the phylogenetic composition 

of endolithic microbial communities in the Rocky Mountain region with molecular 

methods that do not require cultivation. Results from these relatively simple 

communities offer insight into fundamental ecological hypotheses in microbial 

ecology. One goal of microbial ecology is to correlate phylogenetic diversity  to 

ecological function in order to understand ecosystem dynamics. Such an approach 

recently  changed our understanding of bioenergetics in microbial ecosystems of high-

temperature (>70º C) hot springs in the Yellowstone geothermal environment (Spear 

et al. 2005).

Most previous studies of endolithic microbial communities have relied on 

cultivation and microscopic techniques. While such techniques contribute to our 

understanding of microbiology, they typically  do not provide accurate representations 

of the diversity  and relative abundance of organisms in microbial communities. Most 

organisms (>99%) from natural environments are not cultured with standard methods 

(reviewed in Amann 1995; Pace 1997) and morphological characteristics do not 

reliably  distinguish most microbes, even among cyanobacteria, which have relatively 

conspicuous morphologies compared to many microbes (Giovannoni et al. 1988; 
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Turner 1997; de la Torre et al. 2003). Therefore, I determined the composition of 

endolithic communities with cultivation-independent molecular methods.

Since its inception, the field of molecular community analysis has concerned 

itself with both the diversity  and evolutionary history of microorganisms and their 

distribution and ecology in the biosphere. As such, considerable attention has focused 

on the ability of molecular methods to reveal the extent of microbial diversity, to 

represent the relative abundance of microorganisms in communities and to infer their 

physiological and ecological functions. In principle, the methods are straightforward. 

However, their application requires care. For example, potential experimental 

artifacts can bias results and are important to consider. In addition, the large, 

unexpected microbial diversity  revealed by molecular community analysis poses a 

more considerable challenge to our understanding of the microbial world. With the 

ability  to collect larger datasets, new attention is focused on understanding the extent 

and structure of genetic diversity in microbial communities and its ecological 

implications.

Potential experimental artifacts. Potential experimental artifacts of 

molecular community analysis can bias how representative libraries of rRNA gene 

clones are of the diversity  and relative abundance of organisms in a sample (reviewed 

in von Wintzingerode et al. 1997). Artifacts can result from improper sample 

treatment and DNA extraction. However, they are avoided with proper sample 

treatment. PCR revolutionized molecular community analysis and remains the most 

common amplification method. However, most potential experimental artifacts stem 
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from the PCR amplification of sequences from mixed templates (reviewed in 

Kanagawa 2003). Potential artifacts include polymerase error (Keohavong and Thilly 

1989), variable PCR amplification that results from primer selectivity (von 

Wintzingerode et al. 1997), heteroduplex formation (Borriello and Krauter 1990; 

Thompson et al. 2002) and chimera formation from incompletely extended primers 

and template-switching (Kanagawa 2003).

Studies conclude PCR error (~2 x 10-4 for Taq polymerase) is not a significant 

factor, since most studies employ sequences of ~1000 nucleotides, which translates 

into 0.2% error rate (e.g. Acinas et al. 2004a). Studies also find that primer bias, 

heteroduplex and chimera artifacts occur mostly in the late stages of PCR 

amplification, occur stochastically, and increase with low template complexity  and 

concentration (Kanagawa 2003). Therefore, recommendations to avoid these potential 

artifacts include reduced PCR amplification cycles, pooled replicate PCR reactions 

and adequate template concentrations. All recommendations were used in the current 

study. Quantitative PCR analysis of microbial communities with real-time monitoring 

find correct quantification of target DNAs from complex templates in the presence of 

104-fold excess templates >99% identical and in the presence of 107-fold excess 

templates ~92% identical (Becker et al. 2000). Perhaps the best current method to 

avoid potential artifacts is to limit  PCR reactions to the log phase of product 

amplification with real-time monitoring, and to pool replicate PCR reactions 

(Kanagawa 2003).
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Variable numbers of rRNA genes in organisms presents another potential bias 

in the quantification of organisms with rRNA gene analysis. However, a recent survey 

of rRNA gene copy suggests most  organisms studied in the environment have an 

average of ~2 rRNA genes in comparison to laboratory strains, which often have 

more rRNA gene copies (Acinas et al. 2004b). These results are consistent with data 

from a recent attempt to shotgun sequence the meta-genomes of a Sargasso Sea 

planktonic community (Venter et al. 2004). The Sargasso Sea study identified ~1200 

rRNA genes in ~1 billion bases of shotgun sequence (2-6 kb fragments). The 

abundance of rRNA genes had an approximate 2:1 relationship  to that of genes 

typically found in single copy, such as RNA polymerase B (rpoB).

Finally, many molecular community analyses find consistent  results when 

different methods are applied to the same sample, such as fluorescent in situ 

hybridization (FISH) (Juretschko et al. 2002), rRNA hybridization (Massana et al. 

1997) and clone libraries made by  reverse transcription of rRNA molecules (Nogales 

et al. 2001). General correspondence also has been observed between libraries made 

with different PCR primer combinations (Frank et al. 2003; Spear et al. 2005). 

Similar results also were found in this study with alternative primers. Collectively 

such results show that, when employed carefully, methods of rRNA-based, molecular 

community  analysis accurately  represent microbial communities.

The high autosimilarity  of duplicate libraries found in this study indicates 

there was little random bias in DNA extraction, PCR amplification and cloning. The 

similarity of results from universal and bacterial libraries representative of the Forest 
! 67



Quarry community also indicates there was no obvious primer selectivity  in PCR 

amplification. Collectively, these results suggest that the rRNA gene clone libraries in 

this study are relatively representative samples of the incidence and abundance of 

organisms in the communities.

Potential diversity and sample representativeness. Observed and predicted 

rRNA gene diversity  in Rocky  Mountain communities and previously  studied 

Antarctic communities are consistent and support the hypothesis that endolithic 

communities are among the simplest natural microbial ecosystems known (Friedmann 

and Ocampo-Friedmann 1984a). While not impressive for their diversity, endolithic 

communities offer a rare opportunity to study the properties of a microbial ecosystem 

less confounded by the awesome microbial diversity  commonly observed in the 

environment. Observations from such simple communities may contribute to our 

general understanding of microbial ecology.

The extent of genetic diversity  in microorganisms was first articulated in the 

universal rRNA gene phylogenies of Carl Woese, which showed most  of life’s 

evolutionary  diversity is microbial (Woese and Fox 1977; Woese 1987). The decades 

of molecular phylogenetic studies that ensued revealed an even greater microbial 

diversity (reviewed in Pace 1997; Hugenholtz et al. 1998a). In general, biological 

diversity is an important characteristic of ecosystems, which reflects their functions. 

Recent efforts attempt to estimate microbial diversity in some relatively well-studied 

environments, such as soil and the marine photic zone. Estimates vary due to 

sampling uncertainty (see below), but imply the potential genetic diversity  of 
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microbes in some common environments is, in the words of E.O. Wilson, “beyond 

practical calculation” (Wilson 1994).

High microbial diversity  presents a formidable challenge to the study of 

microbial ecology. Chief among these challenges is the issue of sample 

representativeness, which has attracted considerable recent attention (Hughes et al. 

2001; Bohannan and Hughes 2003). Typical rRNA gene surveys, which include this 

study, screen hundreds of clones per sample. Results of numerous recent theoretical 

studies of microbial diversity and sample representativeness conclude current efforts 

woefully  under-sample diversity  in most environments, and, therefore, misrepresent 

community  composition (Curtis and Sloan 2004; Horner-Devine et al. 2004). Much 

of this work has been done on soil communities, which are considered among the 

most complex known. Typical rRNA gene surveys find few repeats in hundreds of 

clones. A statistical model of samples with such flat rank-abundance distributions 

found that the minimum probable rRNA gene diversity is ~105 and could be higher 

(Lunn et al. 2004).

Consequently, I assessed how well universal rRNA clone libraries represent 

the potential rRNA gene diversity in the Rocky Mountain communities with several 

methods. Collectively, results indicate the universal clone libraries are representative 

samples of the abundant rRNA genes amplified and cloned from Rocky Mountain 

endolithic communities. Assessment of potential diversity at  the Forest Quarry  site 

with domain-specific primer sets indicates universal libraries are representative of 

overall rRNA gene diversity and did not miss potential archaea or eucarya, which 
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often have lower abundance than bacteria. Chao1 richness and CACE coverage 

estimates suggest a substantial portion of rRNA gene types were sampled, although 

these estimates are considered conservative (section 4.4.2).

The rank-abundance distribution of rRNA gene types in clone libraries was 

approximately lognormal, which suggests the most  abundant rRNA gene types were 

sampled. No rRNA gene survey  to date has sampled a microbial community 

adequately to discern the rank-abundance distribution of sequence types. Nonetheless, 

evidence suggests some less complex communities may  fit lognormal distributions. 

Lognormal distributions are commonly  observed in macrobial ecosystems (Dunbar et 

al. 2002). Approximately lognormal distributions also are observed in microbial 

communities associated with the lungs of cystic fibrosis patients, which exhibit rRNA 

gene diversity similar to that of endolithic communities (Harris 2005). It has been 

suggested that richness estimates from lognormal distributions are more robust than 

those from flat distributions (Dunbar et al. 2002).

Some suggest rRNA gene diversity  is an overestimate of microbial diversity 

(reviewed in Curtis 2004). Others suggest an apparent decrease in the accession rate 

of new microbial diversity in GenBank indicates the inventory is near completion 

(Hagstrom et al. 2002). However, this trend is predicted by models of lognormal 

distributions of microbial diversity and a consistent, relatively small sampling effort 

(Dunbar et al. 2002). Indeed, results from several recent studies confirm this 

prediction and strikingly discredit the idea that microbial diversity is overestimated. 

Furthermore, evidence suggests rRNA gene diversity  underestimates genetic diversity 
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(reviewed in Curtis and Sloan 2004). For example, genomes of E. coli strains with 

identical rRNA sequences shared only ~40% of genes (Perna et al. 2001; Welch et al. 

2002). A recent study of rRNA gene diversity of hypersaline microbial mats in 

Guerrero Negro, Mexico discovered representatives of ~40 bacterial divisions, of 

which at least 11 are new candidate divisions (Ley et al. 2005), phylogenetic divisions 

known by  rRNA sequence only  (Hugenholtz et al. 1998b). This represents an 

approximate 20% increase in the number of the most deeply  divergent bacterial 

lineages, which came from a single survey that sampled rRNA gene clones ~1 order 

of magnitude greater than typical surveys. Despite a relatively  heroic effort (~2000 

rRNA gene clones), assessment of sampling effort of the Guerrero Negro study 

suggests a minimum diversity  of ~104 (Ley et al. 2005).

Another impressive example of microbial diversity is a recent attempt to 

shotgun sequence the meta-genome of a well-studied planktonic community in the 

Sargasso Sea (Venter 2004). Although there is concern that the samples were 

contaminated and consequently not representative of the community (DeLong 2005), 

results from ~1 billion base pairs of shotgun sequence are, nonetheless, a sober 

illustration of the genetic complexity of the microbial world. The largest scaffolds 

assembled were ~30 kilobases and estimates of the effort required to close the 50 

most abundant genomes are staggering (Venter et  al. 2004). Collectively, results from 

these studies indicate the genetic diversity  of microorganisms in the biosphere 

probably  is indeed vast, and in many environments beyond current practical 

assessment.
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2.4.2 Endolithic communities and ecological implications

When the complexity of the microbial world is considered, endolithic 

communities offer an unusual opportunity to study the properties of relatively  simple, 

exclusively  microbial ecosystems. Endolithic communities are considered true 

ecosystems because they function mainly as isolated systems within the endolithic 

environment (Friedmann and Ocampo-Friedmann 1984a). This is especially  true in 

desiccated environments, where often there is little other life. In wetter environments, 

much exposed rock is quickly  covered with life and soil. Endolithic communities are 

probably  essential to this process and, in any event, become part of a larger, more 

complex ecosystem.

Ecosystems are often studied with large-scale measures, such as energy 

fluxes, nutrient cycles and patterns of biodiversity. Such characteristics are emergent 

properties of ecosystems that reflect complex dynamics between organisms and their 

environment. The biological diversity of macroorganisms varies widely among 

ecosystems and exhibits distinct patterns that generally  reflect ecosystem function. A 

classic example is the diversity-productivity hypothesis, which correlates biodiversity 

and ecosystem productivity  (e.g. Tilman et al. 1996). While the diversity-productivity 

relationship  often exists, biodiversity  is a complex property influenced by other 

known factors, such as ecosystem stability, disturbance and nutrient supply 

(McNaughton 1978).

Relatively little is known about patterns of microbial diversity. The 

relationships between patterns of microbial diversity  and ecosystem properties often 
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are predicted to be similar to those of macroecological systems. However, few studies 

have shown this. In fact, a general lack of evidence for distinct patterns has led to the 

hypothesis that most free-living microbes are globally  dispersed and that high 

invasion rates discourage speciation and high microbial diversity (e.g. Finlay 2002). 

Thomas Brock (1987) argued the microbial world was too dynamic for microbial 

communities to have a characteristic diversity. While there is probably truth in both 

ideas, results from the current study, as well as other recent studies (Whitaker et al. 

2003), suggest  microbial diversity  does exhibit  distinct patterns that  probably reflect 

ecosystem function.

For example, results from this study indicate Rocky Mountain endolithic 

communities at  each study site have relatively  consistent and uniform composition on 

scales of ~30 cm. Results from the Forest Quarry site extend this scale spatially to 

~20 m and temporally  to different seasons over ~1.5 years. Furthermore, Rocky 

Mountain and Antarctic communities exhibit an approximate lognormal rank-

abundance distribution of rRNA gene types. This suggests endolithic communities in 

general may have a distinct distribution of biodiversity. Lognormal distributions are 

common in macroecological systems and are predicted for microbial ecological 

systems (Dunbar et al. 2002). 

Comparison of rRNA gene diversity between Rocky Mountain and Antarctic 

communities suggests these endolithic communities are comprised of organisms from 

a relatively limited reservoir (metacommunity) of phylogenetic diversity. That is, the 

most common and abundant rRNA gene sequences in these communities represent  a 
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consistent, related and relatively limited subset of known microbial diversity. 

Collectively, these results support the hypothesis that, in general, endolithic 

communities are formed by organisms from a distinct metacommunity that is 

uniquely adapted to the endolithic niche (Friedmann and Ocampo-Friedmann 1984a). 

Although most communities were distinct when compared at  the finest level of rRNA 

sequence diversity, there were remarkable similarities between most communities. 

UPGMA cluster analysis of pair-wise phylogenetic UFL distances between endolithic 

communities is consistent with these observations. These relationships are supported 

in detailed comparison of sequences. For example, all Rocky Mountain and Antarctic 

communities shared at least some sequences >97% identical and some shared 

sequences >98% identical, which suggests similar species inhabit distinct, isolated 

communities. 

The most remarkable similarity observed was between the Forest  Quarry 

community  and the Antarctic “lichen-dominated” community, for which the D test 

found no statistically significant phylogenetic difference between the communities. 

This result must be taken cautiously, since only sequences representative of RFLP 

types were compared, and this is undoubtedly an underestimate of true genetic 

diversity. However, since RFLP distinguishes unique sequences in the range of ~98

-99% sequence identity, the underestimated diversity  in these communities should be 

more closely  related, not less. That  ~50% of the rRNA gene sequences cloned from 

endolithic communities from these geographically distant environments were ~97

-98% identical suggests highly similar algae form the foundation of both 
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communities. In contrast, cyanobacterial sequences differed substantially in Rocky 

Mountain and Antarctic communities. These observations are consistent with 

cultivation studies of algae and cyanobacteria from Antarctica and hot deserts, which 

generally  find Antarctic cyanobacterial isolates are psychrophilic (optimum growth 

<15º C) and Antarctic algal isolates are mesophilic (optimum growth ~25-40ºC) 

(Friedmann and Ocampo-Friedmann 1984a; de la Torre et  al. 2003).

Statistical comparison of rRNA phylogenetic diversity between Rocky 

Mountain and Antarctic endolithic communities indicates most communities were 

significantly different, despite obvious commonality at higher taxonomic levels. 

These results could indicate the communities were under-sampled and, therefore, not 

representative samples, although assessment of representativeness suggests otherwise. 

Alternatively, these results could indicate that either stochastic events or 

characteristics particular to a site influence the finer phylogenetic diversity of a given 

community.

Results from UPGMA cluster analysis of the communities are inconsistent 

with the hypothesis that rock type alone has the most  significant influence on 

community  composition. Results indicate a consistent association of endolithic 

communities to the exclusion of several presumably  unrelated “outgroup” 

communities. However, the UPGMA relationships between communities must be 

taken cautiously  because, while these methods promise great innovation in molecular 

microbial ecology, they are experimental (Lozupone and Knight  2005). The D test is a 

distance-based adaptation of the parsimony-based P test, which was adapted from 
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population genetics in order to compare microbial rRNA gene surveys (Martin 2002). 

As such, the D test has a solid theoretical foundation. Preliminary results from 

comparison of community rRNA gene surveys with the UPGMA method finds 

compelling correlations between community types (Lozupone and Knight 2005). 

Whether such correlations are supported by biological evidence remains to be seen. 

Results from this study provide some such evidence.

Although statistical comparison of rRNA gene compositions of communities 

at Owl Canyon and Sinks Canyon suggests the compositions of the communities are 

distinct, UPGMA cluster analysis suggests a statistical association between the 

sandstone and limestone communities at  these sites. This suggests a site-specific, 

geographical characteristic, such as local climate or water chemistry, has a stronger 

influence than rock type alone. The UPGMA association between the canyon sites 

suggests a similarity. Both sites have morphologically similar banded deposits of fine-

grained sandstone and almost pure limestone (calcium carbonate). Both sites orient 

South and are located at similar elevations in similar semi-arid montane environments 

along the eastern foothills of the Rocky Mountain chain, ~370 km apart. Remarkably, 

the Forest Quarry  site is located only  ~80 km south of the Owl Canyon site in a 

highly  similar environment, but has a phylogenetic composition more closely  related 

to an Antarctic sandstone community. 

It is possible that the horizontally  layered deposit at the two canyon sites 

creates different chemical or physical rock environment that explains the apparent 

difference between these sites and the other sandstone and limestone sites. For 
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example, although the sandstone and limestone are distinct petrologically (Luiszer 

2005), they  likely  share similar hydrology. Common wisdom suggests cyanobacteria 

prefer more pH-buffered carbonate rocks, although there is little evidence to support 

this assertion. Cyanobacteria appear to colonize any porous surface available, from 

granite to tree bark, which is evident from the ubiquitous dark stains on most 

weathered exterior surfaces. Although the exact nature of the correlation between the 

canyon sites is unknown, it  suggests a possible biogeographical explanation for the 

composition of these communities. A recent study of diversity of Sulfolobus species 

in hot spring environments provided strong evidence for biogeographical patterns of 

microbial diversity (Whitaker et al. 2003). This suggests biogeography, common in 

macroecological systems, may also influence the composition of microbial 

communities. The significant fine-scale phylogenetic differences between endolithic 

communities in this study  support such a hypothesis.

Collectively, results from comparison of community  rRNA gene composition 

in phylogenetic trees with statistical and manual methods support a more complicated 

pattern of phylogenetic diversity among communities than expected. The overall 

similarity of phylogenetic composition of endolithic communities supports the 

hypothesis that endolithic communities are seeded from a cosmopolitan 

metacommunity of organisms adapted to the endolithic environment, which is 

probably  disbursed by wind (Friedmann and Ocampo-Friedmann 1984a). The 

desiccation resistance of endolithic organisms (Friedmann and Ocampo-Friedmann 

1984a; Bell 1993) and colonization studies of building materials (reviewed in 
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Warscheid and Braams 2000) are consistent with wind dispersal. The fine-scale 

phylogenetic differences among the communities suggest  an undetermined 

biogeographical influence on community  composition, or alternatively a stochastic 

component to community establishment. 

Regardless of the mechanism that selects community composition, spatial and 

temporal studies of Rocky Mountain endolithic communities support the hypothesis 

that endolithic communities are highly stable ecosystems (Friedmann and Ocampo-

Friedmann 1984a) that may persist on geological time scales (~104 years) at  some 

locations (Sun and Friedmann 1999). The apparent stability of endolithic ecosystems 

is an exception to the ecological diversity-stability hypothesis, which correlates high 

ecosystem stability with high biodiversity and vice versa. Endolithic ecosystem 

stability  is proposed to result from a general lack of resource competition due to the 

unusual requirements for endolithic growth and the stability of the endolithic habitat 

over time. The stability of endolithic ecosystems also may be explained by the 

generally  oligotrophic endolithic environment, low productivity  and long turnover 

rates (see below).

2.4.3 Biomass and primary productivity

The energy  that drives ecosystems ultimately is transformed by organisms 

from light or chemical energy  through the process of primary production. Most 

biologically available nutrients are stored in biomass and recycled through mainly 

microbial processes. Work over the past few decades provides a better appreciation 
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for the role of microorganisms in global primary  productivity, biomass storage and 

nutrient cycling. Global microbial biomass is an estimated ~500 Pg of carbon, which 

is approximately equivalent to that of macroorganisms (Whitman et al. 1998). 

However, average microbial biomass has lower ratios of carbon to other nutrients, 

such as nitrogen and phosphorous; therefore, the global microbial pool of such 

nutrients is an estimated order of magnitude higher than in macroorganisms.

In order to assess the potential contribution of endolithic biomass and primary 

productivity  I measured the biomass of select Rocky Mountain endolithic 

communities and compared them to previous measurements of endolithic biomass in 

different environments. Table 2.5 shows published estimates of endolithic biomass 

measured with different methods. Most estimates of endolithic biomass are on the 

order 10-100 g C m-2 of rock, which is consistent with that measured for Rocky 

Mountain endolithic communities.
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Method Biomass (g C m-2) Location Reference

Kjeldahl (total N x 25) 32 - 177 Antarctica (Friedmann 1980)

90 - 102 Antarctica (Kappen 1985)

48 Antarctica (Touvila,1987)

Combustion (CHN) 118 - 168 Antarctica (Friedmann 1980)

34 - 655 Antarctica (Vestal,1988)

20 - 54 Rocky Mountain This study

Chlorophyll 34 - 365 Antarctica (Friedmann 1980)

66 - 90 Antarctica (Kappen 1985)

100 Colorado Plateau (Bell 1987)

44 - 52 South Africa (Wessels,1995)

ATP 0.2 - 3.9 Antarctica (Friedmann 1980)

0.01 - 2.4 Antarctica (Touvila,1987)

Lipid phosphate 1.9 - 3.3 Antarctica (Vestal,1988)

Table 2.5. Biomass estimates for endolithic communities



I estimated the potential global contribution of endolithic communities to net 

primary productivity (NPP) from the average of the published rates of primary 

productivity  and an estimate of global exposed rock area. These estimates are shown 

in Table 2.6, along with estimates of global biomass and NPP contributions from 

other ecosystem types. This estimate for global endolithic NPP is liberal, because it 

assumes all of the ~1% global area of exposed rock is colonized. However, as Table 

2.6 indicates, the estimate of global endolithic NPP contribution is in the range of 

0.1%. The same liberal estimate of global biomass would represent ~0.5 Pg C, or 

~0.001% of estimated total microbial biomass. Both values are probably at least an 

order of magnitude lower.

A study of long-term endolithic productivity in the Ross Desert ecosystem in 

Antarctica finds that only ~0.025% of the gross primary production (GPP) is 

incorporated into standing biomass (net ecosystem productivity), ~50% is consumed 

in respiration and ~50% is leached into the environment (Friedmann et al. 1993). 

Biomass NPP Area NPP

g C m-2 g C m-2 yr-1 106 km2 Pg C yr-1

Antarctic endolith 10 1 0.001 0.0001 (Friedmann 1993)

Temperate endolith 100 100 0.01 0.001 (Bell 1987)

Global endolith 100 10 5 0.05 This study

Desert / semi-arid 700 28 18 0.5 (Field 1998)

Temperate grassland 1600 270 9 2.4 (Field 1998)

Tropical rain forest 45000 1050 17 17.8 (Field 1998)

Terrestrial avg/total 12000 376 150 56.4 (Field 1998)

Marine avg/total 0.01 135 360 48.5 (Field 1998)

Global 3.6 205 510 104.9 (Field 1998)

Table 2.6. Net primary productivity of endolithic and other ecosystems

Ecosystem Reference
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These authors suggest that >99.9% of the net photosynthetic gain is used to 

compensate for the high metabolic cost of the cold, dry  Antarctic endolithic 

environment. For example, up to ~80% of standing biomass in such communities can 

consist of compatible solutes that protect organisms during periods of desiccation and 

are metabolized during re-hydration (Friedmann et  al. 1993). The limited space of the 

endolithic environment also is thought to limit net ecosystem productivity (Friedmann 

1982). The Antarctic endolithic ecosystem was proposed among the lowest 

productivity  ecosystems on Earth, although subsurface microbial ecosystems are 

probably  even lower (Whitman et al. 1998).

A study  of Colorado Plateau endolithic productivity found rates ~100 times 

greater and biomass ~10 times greater than the Antarctic ecosystem (Bell and 

Sommerfield 1987; Bell 1993). Measured primary productivity rates are similar to 

cryptobiotic soil communities in the region; however, standing endolithic biomass is 

several orders of magnitude less (Lange et al. 1997; Garcia-Pichel et al. 2003). This 

suggests Colorado Plateau endolithic communities also have relatively low net 

ecosystem productivity, probably due to the same factors that  limit Antarctic 

endolithic communities (Bell 1993). Collectively, these studies suggest endolithic 

communities export most NPP to the environment, much of which leaches into rock 

substrates and is distributed by  wind (Friedmann et al. 1993). Although endolithic 

contribution to global NPP is inconsequential, it is a substantial contribution to 

exposed, oligotrophic rock environments. Such ecosystems could supply energy to 
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endolithic communities less obvious than the photosynthetic communities studied 

here.

2.4.4 Biogenic alteration, weathering and global implications

The activity  of endolithic microorganisms alters and weathers rock world 

wide through active and passive mechanisms (Barker and Banfield 1996; Banfield 

and Hamers 1997; Banfield et al. 1999; Warscheid and Braams 2000). The details of 

such microbial geobiological processes are largely  unknown and represent an active 

field of research. The deterioration of buildings and monuments is a significant global 

problem and an obvious example of the microbial impact on weathering. Biotic and 

abiotic weathering is accelerated by atmospheric deposition of nitrogen, phosphorous 

and sulfur compounds. Air pollution from fossil fuel combustion and agricultural 

fertilizers increases deterioration. Lithoautotrophic bacteria that gain energy from 

oxidation of reduced nitrogen, sulfur and iron species have been observed in building 

stone communities; however, they are considered successional organisms that inhabit 

highly  deteriorated materials. Recent work has emphasized a synergistic association 

of photoautotrophs and organotrophs, especially actinobacteria, as the primary 

colonizers of all building stone types. The presence and abundance of heterotrophs 

has been correlated to the decay  state of rock materials (Warscheid and Braams 

2000).

Weathering is an integral component  of the global carbon cycle and, therefore, 

climate (Walker et al. 1981; Broecker and Sanyal 1998). Weathering and transport of 
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calcium species in particular from continents to oceans ultimately controls carbonate 

formation and long-term carbon burial rates (Walker et al. 1981). Evidence suggests 

biological processes significantly influence global weathering rates (Schwartzman 

and Volk 1989, 1991). Such mechanisms are implicated in biological feedback 

controls on biosphere processes and global climate (Lovelock 1972; Lovelock and 

Whitfield 1982; Von Bloh et al. 2003). Whether or not such global feedback systems 

exist will remain largely a philosophical debate. However, mounting evidence begins 

to illuminate a vast and diverse microbial world that blurs the boundaries between 

biology  and geology, and shapes the biosphere.
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3 Geobiology of Endolithic Communities in the 

Yellowstone Geothermal Environment

3.1 Introduction

Here I report the discovery of novel endolithic communities that inhabit the 

geothermal environments of Yellowstone National Park, USA. Lush, photosynthetic 

endolithic communities were discovered first in highly acidic (pH~1) outcrops of 

chalcedonic siliceous sinters in Norris Geyser Basin (Walker et al. 2005a). A 

subsequent survey  found that such communities are ubiquitous in Yellowstone 

geothermal environments. Based on this survey, three additional sites were chosen, as 

shown in Figure 3.1. These chemically distinct  sites coincide with those of a separate 

study of hydrogen metabolism in high-temperature hot springs (Spear et  al. 2005). 

The stark, weathered surfaces of these exposed rocks show no evidence of the rich 
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Figure 3.1. Yellowstone study sites. Norris 

Geyser Basin (1), Washburn Springs (2), 

Queens Laundry (3) and West Thumb (4). 

Circles indicate acidic endolithic 

communities (pH ~1) and squares indicate 

basic communities (pH ~9.5-10).

1

3

4

2

North



life hidden beneath the surface. Fractured rocks show clear signs of photosynthetic 

communities, which inhabit a distinct green band from 1-15 mm thick and 2–10 mm 

beneath the exposed surface (see below). Endolithic communities occurred most 

frequently in outcrops of sinter hydrated through contact with surficial geothermal 

waters common to these environments. Siliceous sinters consist  of amorphous 

(opaline) silica (SiO2·nH2O) deposited by hydrothermal systems and are ubiquitous in 

hydrothermal regions such as Yellowstone. Siliceous sinter deposits often incorporate 

grains of other minerals, such as chalcedony  (cryptocrystalline quartz), as shown 

below.

Microscopic analysis of a community in Norris Geyser Basin revealed it is 

subject to silica mineralization and constitutes a direct fossil marker of past life 

(biomarker) that can become fossilized and potentially  preserved in the geological 

record. Remnants of such communities could serve as signatures of past life 

(biosignatures) and provide important clues about ancient life associated with 

geothermal environments on Earth, or elsewhere in the Solar System. Prior to the 

study of the Yellowstone communities presented here, little was known about 

endolithic communities in geothermal environments. Growth of acid-tolerant red 

algae has been reported in soils (Brock 1978) and in an endolithic environment in a 

volcanic area in Italy  (Gross et al. 1998). Other studies have examined microbial 

communities associated with acidic soils (e.g. Norris 2002) and silica-depositing 

thermal springs (e.g. Blank et al. 2002) of Yellowstone. This study is the first 
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comprehensive analysis of the microbial composition of these unique endolithic 

communities and their potential for mineralization and fossilization.

86



3.2 Materials and Methods

3.2.1 Sample locations and collection 

The locations of study sites are shown in Figure 3.1. Study sites coincide with 

those of a separate study of hydrogen metabolism in high-temperature springs, which 

describes these sites in detail (Spear 2005). Samples of endolithic communities were 

collected from outcrops of siliceous sinters at each location from sites located ~2-10 

m from the high-temperature springs, but not directly associated with them. Samples 

for DNA extraction were collected and transported on liquid nitrogen as described in 

section 2.2.2. Samples for electron microscopy were preserved immediately upon 

collection in 4% SEM  grade gluteraldehyde (Electron Microscopy Sciences) buffered 

with 0.1-0.5 M CHES (pH ~8.5) to counteract acidic samples, and transported at 4ºC. 

Samples. Aldehyde fixatives attack un-protonated primary amines, and, therefore, 

work best at neutral to basic pH.

3.2.2 Chemical analysis and petrographic thin sections. 

The pH of the Norris community host rock was measured by the method of 

Doemel and Brock (1971). I prepared serial dilutions from a slurry  of crushed rock 

and water and measured the pH of each dilution with an Accumet AR15 pH meter 

(Fisher Scientific). pH was calculated as the y-intercept of a linear regression of the 

pH and dilution factor of dilution series samples (y-intercept = 1.0, R2=0.98). Pore 

water also was extracted from rock samples by  centrifugation for further chemical 
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analysis. The pH of the pore was measured to be 1.0. Anions, cations, and elemental 

analyses were conducted in the Laboratory for Environmental and Geological Studies 

of the Geology Department at CU-Boulder with a Dionex Series 4500I Ion 

Chromataograph, ARL 3410+ Inductively  Coupled Plasma Atomic Emission 

Spectroscopy, Varion Inductively Coupled Plasma Mass Spectrometer instruments as 

per standard methods. Standard petrographic thin sections were prepared from resin 

embedded samples, and polarized light microscopy confirmed the rock to be opaline 

silica cemented chalcedonic sinter.

3.2.3 Ribosomal RNA community analysis

Ribosomal RNA analysis of Yellowstone endolithic communities was 

performed essentially  as described in section 2.2.3. Community  DNA was extracted 

from acidic samples with a modified “acid extraction” buffer (500 mM Tris pH 8.0, 

50 mM  EDTA, 100mM NaCl, 6% (wt/vol) SDS). The average yield of extracted 

DNA was 3.1 µg DNA / g of crushed rock, as measured by  the Pico Green assay. PCR 

primer pairs used in this study  were 515F / 1391R (universal) and 27F / 1391R 

(bacterial). Statistical analyses were performed as described in sections 2.2.4.

3.2.4 Microscopic analysis

Light microscopy and FISH. Petrographic thin sections were prepared from 

resin embedded samples and imaged with light and laser scanning confocal 

microscopy (LSCM) as described in section 4.2.3. Standard light microscopy was 

performed as described in section 2.3.10. Fluorescent in situ hybridizations for 
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mycobacterial species were performed as previously described (St. Amand et al. 

2005).

Scanning electron microscopy and microanalysis. For conventional SEM, 

fixed specimens of endolithic communities were dehydrated in a graded ethanol 

series and critical point dried as previously described (Blank et al. 2002; Cady et al. 

2003). Specimens were coated with a thin conductive layer of (~50 Å) of ion-

sputtered gold, and viewed with an ISI SX30 operated at 30keV. For backscattered 

electron imaging (SEM-BSE), fixed specimens of endolithic communities were 

prepared as previously  described (Wierzchos and Ascaso 1994; Ascaso and 

Wierzchos 2003). Specimens were dehydrated in a graded ethanol series to 70% 

ethanol and flat-embedded in medium grade LR White Resin (London Resin 

Company, Ltd.) in disposable plastic beakers. Resin blocks were cured in a vacuum 

oven at 55ºC for 24 h. Cured blocks were trimmed and optically  polished at the ends 

(to 0.1 µm grit size) with standard geological techniques to produce a transverse 

section through the endolithic community. Sections were subsequently  stained with 

uranyl-acetate and lead-citrate, which stain cellular structures, and coated with ~10 

nm of carbon. Samples were analyzed with a FEI Quanta 600 SEM, BSE detector and 

Princeton Gamma Tech energy dispersive spectroscopy (EDS) elemental analysis 

syste. This system was operated as previously described (Wierzchos and Ascaso 

1994; Ascaso and Wierzchos 2003).
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3.2.5 Photosynthetic pigment analysis

Photosynthetic pigments extracted from rock samples were analyzed by J. 

Maresca as previously described (Frigaard et al. 1996). Strains of Cyanidium spp. 

cultured from Norris Geyser Basin for comparison were obtained from the Culture 

Collection of Microorganisms from Extreme Environments (CCMEE) and included 

strains NC-5-Cl-1 CCMEE 5584 and C-Cl-1 CCMEE 5564. 

3.2.6 Accession numbers

GenBank database accession numbers for the Norris endolithic community are 

AY911422 to AY911496. GenBank accession for other Yellowstone communities will 

be available (Walker and Pace 2005b).
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3.3 Results

3.3.1 pH and chemistry

Samples of endolithic communities were collected from sinter outcrops 

located near (~2-10 m) high-temperature hot springs, but not directly associated with 

them. The temperatures of sinter outcrops from which samples were collected ranged 

from ambient to ~40º C. Rocks that  harbored endolithic communities contained 

~10%–32% pore water by weight. The effective pH of Yellowstone endolithic 

environments was measured by serial dilution of crushed rock samples (Doemel and 

Brock 1971). The pH of samples ranged from ~1 (Norris and Washburn) to ~9.5-10 

(West Thumb and Queens Laundry), as shown in Table 3.1. The acidity of the Norris 

and Washburn sites is a product of physical and biological oxidation of reduced sulfur 

species to sulfuric acid (Mosser et al. 1973; White et al. 1988).
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1Chemistry of hot springs located within 10 m of each endolith site is shown in the line that follows 
each Yellowstone endolith site. Norris endolith pore water chemistry is from this study. Hot spring 
chemistry is from Spear et al. 2005. 

Al As Cl Li Mn Fe SiO2 SO4

Norris endolith 35 1 8900 1000 270 2800 0.0013 120 170 1300

Dragon Spring 72 3.1 2.6 6.8

Washburn endolith 39 1

Washburn Spring 1 76 6.7 34 DL <10 0.02 0.51 24 260 3100

West Thumb endolith 31 9.5

West Thumb Pool 89 7.3 0.07 1.3 150 1.4 0.013 DL 24

Queens Laundry endo 33 10

Queens Laundry pool 89 8 0.28 1.3 239 2 0.0009 DL 4

ºC pHLocation

Table 3.1. Pore water and hot spring chemistry1

Conencentration (mg / liter)



Results from chemical analysis of pore water extracted from samples of the 

Norris community are shown in Table 3.1. Pore waters from the Norris site had a pH 

of ~1 and contained high concentrations of sulfuric acid, metals and silicates. 

Evaporation of pore water concentrates dissolved species in the endolithic 

environment. Silica, in particular, precipitates and encrusts the Norris community as it 

grows (see below). In general, sinter outcrops are hydrated from direct contact with 

surficial hydrothermal waters and, therefore, the base chemistry of rock pore water is 

expected to be similar to that of nearby hot springs. Available hot spring chemistry for 

adjacent hot springs is shown in Table 3.1 as a general indicator of the local chemical 

environment, although comparison of determined Norris community pore water 

chemistry to available data from Dragon Spring indicates pore water has considerably 

higher iron and arsenic concentrations.

3.3.2 Molecular community analysis

The microbial composition of Yellowstone endolithic communities was 

determined as described in Chapter 2. Community genomic DNA was extracted from 

replicate samples of each community and used as template to construct universal or 

bacterial rRNA gene clone libraries. Clone libraries were screened by RFLP and 

representatives of unique RFLP types were sequenced. Approximately 2300 rRNA 

gene clones were screened and ~850 sequences were determined. Sequences were 

analyzed by BLAST and phylogenetic analysis to determine the kinds of organisms 

they  represent. 
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Sample representativeness. In order to assess sample representativeness of 

the Yellowstone endolith communities, I measured the autosimilarity of replicate 

rRNA clone libraries from each site with the D test, as described in Chapter 2 (section 

2.3.1). Results found no significant difference (p>0.10) between replicate libraries, 

which indicates significant autosimilarity between replicate libraries. This suggests 

the samples were representative of the phylogenetic diversity of rRNA genes that 

were PCR amplified and cloned from each community. Therefore, the results from 

replicate libraries were combined into a single dataset to represent the community  at 

each site. I estimated the potential un-sampled diversity of rRNA genes from 

combined datasets with the Chao1 richness estimator, as shown in Table 3.2. Results 

indicate that ~50% of potential species-level diversity (~97% sequence identity) was 

sampled from the two acidic sites, Norris and Washburn, while ~20-30% of diversity 

was sampled from the basic sites, Queens Laundry and West  Thumb. This suggests 

that the basic sites harbor greater rRNA gene diversity than the acidic sites. This also 

is evident in the greater number of phylogenetic divisions represented by  the basic 

communities.

Comparison to known diversity. Comparison of Yellowstone endolith 

sequences to the >200,000 rRNA sequences currently  in GenBank with BLAST 

showed they were related to known sequences by an average of ~96% sequence 

identity. Results indicate that only ~35% of sequences are related to known sequences 

at ≥97% sequence identity, which suggests ~65% of clones represent  new species-

level diversity by conservative estimate (Stackebrandt and Goebel 1994). The average 
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Norris Washburn Queens West Thumb

Bacteria

Acidobacteria 5 1 96

Actinobacteria 11 2 4 94

Mycobacteria 37 27 98

Bacteroidetes 7 4 8 95

Chlamyidae 1 91

Chloroflexi 8 4 92

Cyanobacteria 42 50 96

Deinococcus 2 1 92

Firmicutes 2 18 8 97

Gemmimonas 1 1 96

Nitrospira 1 99

OP10 2 2 94

OP11 2 2 91

Planctomycetes 10 4 94

Proteobacteria 96

Alpha 1 20 11 8 95

Beta 1 5 2 97

Gamma 9 1 2 3 98

Delta 1 2 94

TM6 2 91

Verrucomicrobia 3 3 94

Archaea 5 92

Eucarya

Cyanidium 26 31 98

TOTAL: 100 100 100 100

Avg BLAST (% ID) 96 95 95 95

~Clones analyzed 864 576 384 384 2208

~RFLP types 43 48 120 71 282

~Clones sequenced 387 175 213 113 888

Chao1 richness 57 78 365 351

100% bin 100 127 153 202 582

97% bin (~species) 30 35 122 72 261

95% bin (~genus) 27 32 113 60 214

Basic (pH 8.5-9)Acidic (pH ~1)

Table 3.2 Phylogenetic distribution of Yellowstone endolithic rRNA clones

Phylogenetic Division BLAST %ID



BLAST identity  of clones from each library, as well as those representative of each 

phylogenetic division, are shown in Table 3.2. In general, sequences representative of 

Cyanidium spp. and Mycobacteria spp. from the Norris and Washburn sites were 

related most closely to known sequences (~97-99% identity).

Community composition. The overall rRNA gene composition of each 

Yellowstone community is summarized in Figure 3.2. Pie wedges indicate the 

abundance and phylogenetic association of the most common rRNA gene types that 

represent each community. Results indicate the communities are relatively simple, 

with division-level diversity  similar to those of Rocky Mountain and Antarctic 

endolithic communities (Chapter 2). Sequences representative of bacteria were most 
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Figure 3.2. Phylogenetic composition of Yellowstone communities.

Cyanobacteria 

! 50%

Proteobacteria 15%

Bacteroidetes 8%

Firmicutes 8%

Actinobacteria 4%

Chloroflexi 3%

Planctomycetes 3%

Other  9%

West Thumb (pH ~8.5)

Cyanobacteria 

! 42%

Proteobacteria 19%Planctomycetes 10%

Chloroflexi 8%

Acidobacteria 5%

Bacteroidetes 4%

Verrucomicrobia 3%

Other 9%

Queens Laundry (pH ~9)

Cyanidium 31%

Mycobacteria 27%
Proteobactera 20%

Firmicutes 18%

Other 4%

Washburn (pH ~1)

Cyanidium 26%

Mycobacteria 37%

Actinobacteria 11%

Proteobacteria 9%

Bacteroidetes 7%

Archaea 5%

Other 6%
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abundant and diverse in the communities. Archaeal and eucaryal sequences were 

detected in the acidic communities, Norris and Washburn, but not  in the basic 

communities, Queens Laundry  and West Thumb. Archaea are popularly  associated 

with such “extreme” geothermal environments; however, bacteria, and to some extent 

eucaryotes, are equally important in these settings (Pace 1997).

The diversity and composition of rRNA genes varied between the acidic sites 

and the basic sites. Comparison of sequences from the Yellowstone communities 

indicated that  those from acidic sites were less diverse. All sites exhibited an 

approximately lognormal rank-abundance distribution of rRNA gene types. This 

distribution is similar to that observed for Rocky  Mountain and Antarctic endolithic 

communities (Chapter 2), which suggests that a few kinds of organisms dominate 

these communities. For example, clone libraries of basic sites were dominated by 

diverse cyanobacterial rRNA gene sequences. In contrast, two kinds of sequences 

dominated the clone libraries from the acidic sites. One group of sequences was most 

closely related by phylogenetic analysis (98-99% sequence identity) to chloroplast 

rRNA genes of Cyanidium caldarium, an acidophilic eucaryotic red alga. Cyanidium 

and other undetected genera of the Cyanidiaceae family, Cyanidioschyzon and 

Galdieria, are the most acid-tolerant photosynthetic organisms known. The other 

dominant group of sequences from the acidic sites were representative of previously 

unidentified Mycobacterium species, members of the bacterial division 

Actinobacteria, as shown in Figure 3.3.
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Corynebacteriaceae

Nocardia

Propionibacteriaceae

Acidimicrobidae

M. tuberculosis  X52917
M. avium  X52918

M. intracellulare  X52927
M. leprae  X53999

M. asiaticum  X55604
M. gordonae  X52923

M. xenopi  X52929
M. shimoidei  X82459

M. celatum  Z46664
M. elephantis  AJ536100

Acid Endolith M. spp.

M. cookii  X53896
M. trivial  M29571

M. thermoresistibile  X55602
M. diernhoferi  X55593

M. chlorophenolicus  X79094
M. fortuitum  X52933

Figure 3.3 Composite phylogenetic tree diagrams the relationship of Norris and Washburn 

community rRNA gene sequences (represented by solid wedge) to those of known 

Mycobacterium  species (expanded portion of tree) and the relationship of the Mycobacteria 

group to other groups (open wedges) of the bacterial division Actinobacteria. Phylogenetic 

analyses showed that  rDNA sequences from the acidic Yellowstone communities formed a 

distinct group of mycobacteria supported in all analyses (minimum evolution, maximum 

parsimony and maximum likelihood) with strong statistical support  (>70% bootstrap value). 

The Yellowstone sequences are most closely related to M. elephantis (~97%), and the 

association of the M. elephantis group as a sister species to the Yellowstone group was 

present  in all trees in all analyses, and supported statistically by maximum evolution 

bootstrap analysis, but  not the other methods.



Famous as pathogens, mycobacteria cause diseases such as tuberculosis and 

leprosy in humans. Mycobacteria also are considered common constituents of 

environmental settings such as soil and fresh water habitats, but have not previously 

been encountered as such a large component of an environmental microbial 

community. Such organisms typically are of low abundance (<<1%) and detected in 

the environment only with specific and sensitive assays (Iivanainen et al. 1997). The 

role of mycobacteria in these natural settings is not well understood, but is generally 

considered heterotrophic. Environmental mycobacteria can adapt to acidic 

environments. Quantitative culture studies of environmental soils and sediments show 

an enrichment of mycobacteria at low pH. The richest  mycobacteria environment 

previously  reported (~1% of the community) was a mildly acidic (pH 4) forest soil 

(Iivanainen et al. 1997). Mycobacteria have not been encountered previously in such 

highly  acidic (pH 1) volcanic environments as reported here.

Primary Producers. The primary energy source for the Yellowstone 

communities presumably is photosynthesis, due to the abundance of algal and 

cyanobacterial sequences in the clone libraries. Algal sequences from both acidic sites 

were ≥98% identical to those of plastids of Cyanidium caldarium. Nuclear rRNA 

genes of Cyanidium spp. were detected in enrichment cultures of Cyanidium spp., but 

were not detected in universal clone libraries. Cyanobacterial sequences from the 

basic sites had much greater diversity, which suggests a larger diversity of oxygenic 

phototrophs inhabit  the basic sites. The phylogenetic relationships of cyanobacterial 

and algal sequences are shown in Figure 3.4.
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Figure 3.4 Diagramatic tree shows the phylogenetic relationships of Yellowstone 

cyanobacterial sequences and reference sequences representative of cyanobacterial diversity 

(Turner, 1999). Filled circles indicate nodes supported in all analyses (minimum evolution, 

maximum parsimony and Bayesian inference) with strong statistical support (>70% bootstrap 

value). Cyanobacterial sequence groups designated by Turner (1999) are indicated by 

brackets at right: Nostocales (NOST),  Synechocystis/Pleurocapsa/Microcystis (S/P/M), 

Chloroplasts (PLAST).



Nuclear rRNA genes of Cyanidium spp. were detected in enrichment cultures 

of Cyanidium spp., but not in universal community libraries. Analysis of 

photosynthetic pigments extracted directly from the community showed only 

chlorophyll a and other associated photosynthetic pigments identical to Cyanidium 

species previously cultured from Norris Geyser Basin (Maresca et al. 2005), see 

materials and methods). Abundant cyanidium strains were isolated in subsequent 

enrichments aimed at cultivation of mycobacteria (see below). The identities of 

strains were confirmed by sequence analysis of rRNA genes amplified by PCR from 

isolates with universal primers. Results found chloroplast and nuclear rRNA gene 

sequences representative of Cyanidium spp. chloroplast sequences of isolates were 

identical to those from clone libraries. Nuclear sequences of isolates were ~99% 

identical to those of Cyanidium caldarium in GenBank.

The flux of geochemical species through the Yellowstone environment 

suggests that  lithotrophy, metabolism of reduced inorganic compounds for energy, 

may contribute to the overall energy budget of these communities. Potential dissolved 

species that could serve as fuels include metals, sulfur compounds and hydrogen, an 

important geochemical energy source that drives microbial ecosystems in many 

Yellowstone hot springs (Spear et al. 2005). Previous studies have shown reduced 

metals are an abundant microbial energy source, particularly in acidic geothermal 

environments (Macur et al. 2004). For example, the most diverse group  of rRNA gene 

sequences in the Norris community  represented ~14 distinct groups of the bacterial 

division Proteobacteria, and comprised ~11% of the total clones. A majority  of these 
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sequences (~9%) belong to the γ-Proteobacteria, a group that includes hydrogen and 

sulfide metabolizing lithotrophic organisms. In addition, rRNA gene sequences 

closely related (99% identity) to the known sulfur oxidizing lithoautotroph, 

Sulfobacillus disulfidooxidans constituted ~1-5% of libraries representative of acidic 

communities. No sequences from the basic site are closely  related to known 

lithotrophic organisms; however, this does not rule out  their potential role in these 

communities.

3.3.3 Comparison of communities

In order to assess the phylogenetic relationships of the Yellowstone endolithic 

communities, I compared the communities with the D test and clustered the results 

with the UPGMA method, as described in Chapter 2 (section 2.3.5). Results from the 

D test indicate there are significant  differences (p<0.001) in all pair-wise community 

comparisons. This suggests each community is comprised of phylogenetically distinct 

organisms, despite obvious similarities at broader phylogenetic levels, as shown in 

Figure 3.1. However, results from the UPGMA analysis, shown in Figure 3.5, cluster 
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of rRNA sequence sets representative of Yellowstone endolithic communities.



the communities by pH. This pH dichotomy is supported by manual assessment of the 

phylogenetic relationships of sequences representative of each community. In general, 

sequences from the acidic sites cluster in phylogenetic groups to the exclusion of 

those from basic sites and vice versa. Few genus-level groups (~95% sequence 

identity) are shared across the pH dichotomy, while many specie-level sequences 

(~97% sequence identity) are shared between communities with similar pH 

environments.

3.3.4 Microscopy

I used several imaging techniques to investigate the physical structure of the 

Norris community. Light microscopy of petrographic thin sections showed the rock is 

a chalcedonic sinter with large, weathered, quartz grains cemented by opaline silica, 

as shown in Figure 3.6, panel d. In order to determine the distribution of 

photosynthetic organisms in situ, I imaged fluorescence associated with chlorophyll 

in thin sections. Fluorescence localized to the microcrystalline cement and was most 

intense along quartz grain margins (Figure 3.6, panel d). Individual cells were 

observed at  higher magnifications, although fluorescence of cells embedded in the 

mineral matrix was highly scattered. Images of Cyanidium cells in freshly disrupted 

samples showed many apparently healthy cells were encrusted in a crystalline matrix, 

presumably silica, as shown in Figure 3.6, panel e. Spectral analysis of fluorescence 

in thin sections and that of individual Cyanidium spp. cells were identical. 
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Field emission scanning electron microscopy (SEM) revealed a complex 

fabric of mineralized filamentous and spherical casts (Figure 3.6, panel j) in the 

pigmented zone of colonization. Nearly identical mineralized silica biofabrics occur 

in living microbial mats (nominally Cyanidium caldarium) in acidic (pH 2) thermal 

springs in Hokkaido, Japan (Asada and Tazaki 2001). Similar fabrics also are 

observed in mineralized and recently fossilized microbial communities in other 

thermal spring environments (Zierenberg and Schiffman 1990; Cady and Farmer 

1996; Hofmann and Farmer 2000; Blank et al. 2002).

In order to investigate the structure of the Norris community further, I imaged 

sections of resin-embedded endolithic community  with backscattered electron 

imaging (SEM-BSE). Results showed spherical and filamentous cellular structures 

embedded in the mineral matrix, as shown in Figure 3.6, panels k-o. Samples were 

treated with heavy metals (Os, Pb, U), which stain and give contrast to biological 

materials in SEM-BSE images. The spherical cellular structures had outer diameters 

of 3.5–6.6 µm (average 5.0 ± 0.8 µm, n=50), similar to the size of Cyanidium cells 

observed by light microscopy. I analyzed the elemental composition of samples with 

energy dispersive X-ray spectroscopy (EDS). The interiors of most cellular structures 

had strong signals for Pb, Os and U, whereas signal from the surrounding material 

indicated primarily  Si, as shown in Figure 3.6, panel k. Some cellular structures did 

not stain and had strong Si signals, which suggests they  are already mineralized and 

could become fossilized.
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Fig. 3.6. Endolithic microbial communities in highly acidic (pH 1) chalcedonic sinters of 

Yellowstone's Norris Geyser Basin. A, Outcrops that harbor cryptoendoliths (foreground). B, 

C, Fractured sinter reveals distinct green layer of photosynthetic microbial life. Scale bars 

(B)  5 cm, (C)  1 cm. D, E, LSCM images of 30 µm petrographic thin section of endolithic 

community. Transmitted light (D)  shows host rock is chalcedonic sinter with quartz grains 

(Qu) cemented by microcrystalline, opaline silica (Op). Fluorescence (E)  associated with 

cells that contain chlorophyll imaged with LSCM (excitation 488 nm, detection 630-650 nm). 

Scale bars, 200 µm. F, G, Micrograph of Cyanidium spp. encrusted in mineral casts. 

Transmitted light (F)  shows casts with and without (arrows) fluorescent Cyanidium spp. cells 

(G). Scale bars, 5 µm. H, I, LSCM micrographs of Cyanidium spp. cultivated in enrichments 

imaged with transmitted light (H) and fluorescence (I)  as in panel E. Scale bars, 5 µm. J, 

SEM image of broken spherical silica casts that form around individual Cyanidium spp. cells 

and a tubular cast (arrow) that forms around a network of cells presumed to be largely 

Mycobacteria  spp. Scale bar, 5 µm. K, L, M, BSE-SEM image and EDS maps of transverse 

section of cellular structures presumed to Cyanidium spp. Heavy metals stain biological 

material (Pb), as shown in Pb EDS map (l). One cellular structure (Si) did not stain with Pb 

and had a strong signal in the Si EDS map (M). Scale bars, 5 µm. N, BSE-SEM image of 

tubular structure. EDS point spectrum showed cast (Si) was primarily Si and inner material 

(Pb) was stained with Pb. Scale bar, 5 µm. O, BSE-SEM image of cells in pore space 

surrounded by silica cement (Si). Scale bar, 5 µm.



The abundance of mycobacterial clones (~37%) detected in the community 

leads us to postulate that the ubiquitous curvilinear filamentous casts observed form 

around a biofabric of primarily mycobacteria, although other organisms detected also 

probably  are involved. Mycobacteria are known to form complex filamentous and 

branched biofilms (Hall-Stoodley  and Lappin-Scott 1998). The filaments in this study 

have a tubular construction with inner diameters of 0.8–3.0 µm (average 1.9 +/- 0.5 

µm, n=60), typical of bacterial cells. SEM-BSE imaging showed the filamentous 

structures are segmented and EDS analysis suggests the interiors contain biological 

material and the casts are primarily silica, as shown in Figure 3.6, panel N. Similar 

filamentous structures observed in specimens collected from silica-depositing thermal 

springs in Yellowstone have been shown to be fossilized filament casts of microbes 

(Cady and Farmer 1996).

In order to confirm the presence of mycobacteria in the Norris community, 

and determine their morphology, I unsuccessfully  attempted to visualize them by 

fluorescent in situ hybridizations (FISH) with specific oligonucleotide probes. 

Samples of endolithic communities are difficult to prepare for standard fluorescence 

microscopy due to their mineral matrix, which often fluoresces and binds 

oligonucleotide probes. Therefore, I attempted SEM in situ hybridization with a gold 

detection system in resin-embedded samples. Results were messy. This technique is 

theoretically possible and potentially valuable; however, it requires further 

development. Finally, I attempted to cultivate mycobacteria in enrichment cultures 
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with standard techniques. Enrichments were not successful in the cultivation of 

mycobacteria, as assayed by rRNA probe hybridization.
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3.4 Discussion

Endolithic communities in the Yellowstone geothermal environment represent 

microbial ecosystems with high potential as model geobiological systems. The lush 

Yellowstone communities probably  have productivity rates substantially higher than 

those of classic endolithic ecosystems, such as the Rocky Mountain or Antarctic 

communities. Productivity  is probably increased due to the often-high porosity  of 

sinters, which increases available space, the abundance of water and growth seasons 

that are extended substantially  due to geothermal heat. The constant flux, evaporative 

concentration and precipitation of geochemicals in these communities offer an 

opportunity to study geobiological processes in situ. While such studies have been 

difficult to conduct, methods such as SEM-BSE, combined with new micro-analytical 

techniques, promise results that are more powerful. Development of compatible in 

situ hybridization techniques would be an important contribution to the field. Finally, 

the Yellowstone communities offer an unusual opportunity to study  mineralization 

and fossilization processes of microorganisms in situ. The microbial fossil record is 

critical to our understanding of past life on Earth and elsewhere such a record might 

exist. However, the known record is relatively sparse and fraught with controversy.

Results from this and previous studies indicate that endolithic microorganisms 

can become fossilized within their host rock environment (Wierzchos and Ascaso 

2002). Recent findings also indicate fossilized subsurface biofabrics are preserved in 
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the geological record (Hofmann and Farmer 2000). Mineralization processes similar 

to those observed in the Norris community  have been observed in living microbial 

communities directly  associated with terrestrial (Cady and Farmer 1996; Hofmann 

and Farmer 2000; Asada and Tazaki 2001; Blank et al. 2002) and marine (Zierenberg 

and Schiffman 1990) thermal springs. The processes that fossilize microbial 

communities, how these fossils are preserved in the geological record, and their 

potential as biosignatures have been examined extensively (Cady and Farmer 1996; 

Des Marais and Walter 1999; Farmer 1999; Hofmann and Farmer 2000; Banfield et 

al. 2001; Cady et al. 2003). 

Mineralization of endolithic communities associated with geothermal 

environments may lead to the preservation of identifiable biosignatures. Fossils of 

endolithic microbial communities recently discovered in Antarctic sandstone preserve 

exquisite detail of the internal structures of cells (Ascaso and Wierzchos 2003). I 

expect the abundance of Yellowstone endolithic communities in environments 

favorable to mineralization leads to their preservation in the geological record. 

Unequivocal microfossils from the 2.0 billion year old Gunflint formation (Ontario, 

Canada) were formed by silica mineralization in an environment interpreted as 

analogous to Yellowstone (Schopf et al. 1965; Walter 1972), although the exact nature 

of that environment remains uncertain. Regardless of the environment, Gunflint 

microfossils demonstrate the potential for microfossils to form in siliceous 

environments and persist in Earth’s geological record for a minimum of 2 billion 

years.
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Mineralized endolithic communities such as described here could be a highly 

diagnostic indicator of past life on Mars. Evidence of past geothermal activity on 

Mars includes volcanism and possible hydrothermal systems, which could be 

analogous to those of Yellowstone (Farmer and Des Marais 1999; Christensen et al. 

2003). Missions to Mars target such areas in the search for evidence of life, past or 

present on Mars. The endolith is a critical habitat to explore in that search. The rich 

diversity of endolithic life in the geothermal environment of Yellowstone, combined 

with the potential for biosignature preservation, indicates that rocks associated with 

former hydrothermal systems may be the best hope for finding evidence of past life 

on the Martian surface.
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4 Composition and Structure of Microbial Communities 

from Stromatolites of Hamelin Pool in Shark Bay, 

Western Australia

4.1 Introduction

Fossil stromatolites are found throughout the geological record and are 

important biosignatures for the early Earth and in the search for extraterrestrial life. 

Stromatolites are defined as “organosedimentary structures predominantly accreted 

by sediment trapping, binding and/or in situ precipitation as a result of the growth and 

metabolic activity of microorganisms” (Walter 1976). The oldest examples of 

preserved fossil stromatolites in the geological record are about 3.5 billion years old 

(Ga) and are found in Western Australia and South Africa (Lowe 1980; Walter et al. 

1980; Buick et al. 1981; Byerly  et al. 1986). Stromatolites in the geological record 

can provide insights into the nature of habitable environments on the early Earth, the 

antiquity  of some microbial metabolisms and the evolution of biogeochemical cycles.

Living stromatolites occur today in a few shallow marine environments, 

including popular study sites such as Shark Bay in Western Australia and Exuma 

Sound in the Bahamas. Such living stromatolites have been interpreted as analogs of 

fossil stromatolites based on morphology, and that  interpretation has shaped our 
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thinking about ancient microbial life. Despite a wide interest in stromatolites and their 

past, little is known about the kinds of microorganisms that comprise living 

stromatolites. Stromatolites have been considered popularly  the result of 

cyanobacteria and, therefore, fossil stromatolites have been considered evidence for 

the existence of cyanobacterial oxygenic photosynthesis. However, recent work has 

focused attention on the role of other kinds organisms in stromatolites, and in 

particular, the role of endolithic communities in the formation, alteration and 

preservation of stromatolite structures (e.g. Reid et  al. 2000).

The stromatolites of Hamelin Pool, shown in Figure 4.1, are examples of 

stromatolites associated with living microbial communities, and are thought to form 

as a result of their activity. Stromatolites with diameters as large as ~2 m rise up to ~1 

m from the floor of this shallow hypersaline pool (~2X sea water), and have a variety 

of morphologies (Logan and Cebulski 1970). The stromatolites grow by  accretion and 

precipitation of material to the outer surface layer, where the most conspicuous 

microbiology  also occurs, often as a thinly stratified microbial mat (Visscher et al. 

2000; Reid et al. 2003). Stromatolite morphology is often attributed to different kinds 

of microbial mat communities. Mat communities have been classified mostly by 

conspicuous cyanobacterial morphotypes and whether mats have a smooth or pustular 

appearance. Stromatolite communities also are structured vertically. Studies of 

Bahamian stromatolites, for instance, find that lithified interiors beneath surface mat 

communities are modified by endolithic microbes (Reid et al. 2000).
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Although Hamelin Pool stromatolites are among the most prominent examples 

of living geomicrobiological structures, little is known about the kinds of 

microorganisms that comprise these stromatolite building communities. Previous 

studies have characterized growth rates of Hamelin Pool stromatolites by radiocarbon 

dating (Chivas et al. 1990). Other studies have focused on sedimentology (e.g. Noffke 

et al. 2003), culture and phylogeny of specific microorganisms (Neilan et al. 2002; 

Burns et al. 2004), biomolecular pigments (Palmisano et al. 1989), ecological 

relationships (Al-Qassab et al. 2002) and microscopy (Awramik and Riding 1988). 

Such studies have generally  presumed or concluded that cyanobacteria, and in some 
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Figure 4.1. Pictures of the field site in the Hamelin Pool, Shark Bay. (A) Low-to-mid tide at 

the Hamelin Station exposing domal stromatolites and microbial mats. (B) Submerged 

irregular stromatolites at the Hamelin Station. (C) Sample HPDOM, at the tip of the hammer, 

collected from a domal stromatolite (S 26o23’32.4”; E 114o09’41.4”). (D) Sample HPIRR, 

below the hammer (circled), from a submerged irregular stromatolite (~20 m away from 

HPDOM).
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cases photosynthetic eucaryotes are the main constituents of Hamelin Pool 

stromatolite communities. Assumptions that cyanobacteria dominate this ecosystem, 

however, have not been based on strong evidence. Cyanobacteria are popularly 

associated with stromatolites mostly because are observed easily microscopically as a 

consequence of their large and conspicuous morphologies.

The objective of this study  was to determine the molecular phylogenetic 

makeup of microbial communities that build Hamelin Pool stromatolites and perhaps 

to shed light  on their relevance to Precambrian stromatolites. The composition of 

such microbial communities cannot be determined with methods that require 

cultivation because, as discussed in previous chapters, most organisms (>99%) from 

natural environments are not cultured with standard methods (Pace 1997). 

Consequently, the composition and diversity of communities was determined by 

sequence analysis of small-subunit (SSU) rRNA genes amplified by PCR with 

universal primers (515F and 1391R) from genomic DNA extracted directly from 

stromatolite samples. The compositions of communities were compared with 

phylogenetic statistics methods to assess the similarity  of sequence collections in 

phylogenetic trees. With this information, the following hypotheses were tested: (i) 

the stromatolite communities are comprised primarily of cyanobacteria; (ii) endolithic 

communities of stromatolites are distinct from surface communities; and (iii) different 

stromatolite morphotypes are associated with different microbial communities. These 

analyses collectively provide new perspective on the structure and composition of the 

Hamelin Pool stromatolites communities.
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4.2 Materials and Methods

4.2.1 Sample location and description

Hamelin Pool in Western Australia spans an area of about 1220 km2 with an 

average tidal range of approximately 60 cm (Logan 1970). Average water 

temperatures throughout the year are between 17 and 27ºC and annual evaporation is 

more than 2 m (Logan 1970). These conditions create hypersaline environments in 

many embayments of Shark Bay, including Hamelin Pool, which has about twice the 

salinity of sea water. Samples of two stromatolites were collected from the Hamelin 

Pool in the area of Hamelin Station in Shark Bay during the late afternoon of July 9, 

2003. Samples of the upper ~3 cm of stromatolites were collected from the inter-tidal 

zone, preserved in 70% ethanol in sterile 50 ml plastic tubes and stored at 4ºC. 

Sample HPDOM  (Hamelin Pool Domal) had a smooth, domal morphology 

with a thin (~1 mm) indurated surface colored green, orange and black (Figure 4.1). 

The shape of the HPDOM stromatolite was most similar to the “smooth surface mat” 

described by Reid et al. (Reid et  al. 2003). It was collected when the stromatolite was 

directly  exposed to air at low-to-mid tide. A chip of HPDOM  was used to make a 

petrographic thin section for observation by optical microscopy. Figure 4.2A and 4.2B 

show representative images of the crust and interior of HPDOM, respectively. The 

beige-white porous interior consisted of submillimeter-sized carbonate sand, 

Foraminifera, bivalve shells, shell fragments and microcrystalline carbonate.
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 Aragonite needles often coated or partially filled the pore spaces of HPDOM 

and some detrital quartz grains and dolomite crystals (grown in situ) were observed. 

The microfabric of HPDOM  most closely resembled the “unlaminated calcarenite” 

described by Reid et al. (2003). HPDOM  was sub-sampled by  manual separation into 

a surface sample ~1-2 mm thick (HPDOM-S) and an interior sample taken from a 

vertical interval of ~10-15 mm below the surface (HPDOM-I). 

A second sample, HPIRR (Hamelin Pool Irregular), was collected from a 

stromatolite with a dark green and black knobby surface and an irregular morphology. 

The surface of HPIRR resembled “knobby pustular” surfaces previously described 

(Reid et al. 2003). The stromatolite, shown Figure 4.1, was submerged during 

collection. Microscopic observations in thin section showed HPIRR was different 

from HPDOM (Figure 4.2C). HPIRR had a red-brown interior that was less porous 
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Figure 4.2. Light micrographs of Hamelin Pool stromatolites in thin section. (A) Image of 

sample HPDOM showing the surface (S) and the micritic interior close to the surface with 

pore spaces (po). (B) Representative image in crossed-polarized light of the interior of 

HPDOM showing an abundance of foraminifera (fo), detrital quartz grains (qt), and acicular 

aragonite (ar) coating the interior of some pores (po). (C) Representative image of the 

interior of HPIRR showing the matrix dominated by microcrystalline (mi) carbonate.



and had fewer foraminifera and bivalve shells than HPDOM. The interior of HPIRR 

was mostly microcrystalline carbonate ("massive micrite", Reid et al. 2003) with 

minor occurrences of detrital quartz grains, dolomite crystals and shell fragments. A 

piece of the upper ~5 mm of HPIRR was analyzed in bulk.

4.2.2 Molecular community analysis

Molecular community analysis of stromatolite samples was performed as 

described in section 2.2.3. We extracted duplicate community genomic DNA samples 

from each stromatolite sample (HPDOM-S, HPSOM-I and HPIRR) and two negative 

controls. Average yields of DNA were ~5 µg/g of rock. 96-clone universal libraries 

were constructed from each replicate DNA sample with the 515F and 1391R primer 

pair. PCR controls with no template or extraction control as template were negative. 

rRNA gene clones were screened by RFLP. All clones were sequenced with the 

MegaBACE system. Phylogenetic and statistical analyses were performed as 

described in section 2.2.4.

4.2.3 Laser scanning confocal microscopy

We imaged fluorescence associated with oxygenic phototrophs with a Leica 

TCS SP2 AOBS laser scanning confocal microscope (LSCM). We imaged fluorescent 

emissions at 680-690 nm, which is due to chlorophyll molecules in reaction centers of 

photosystem II (PS II) of oxygenic phototrophs in vivo (Beutler et al. 2002). 

Wavelengths that excite PS II fluorescence depend on associated accessory antenna 

pigments, which vary in different groups of oxygenic phototrophs. Thus excitation 
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profiles of PS II fluorescence are diagnostic of different kinds of oxygenic 

phototrophs (Beutler et al. 2002). To determine excitation profiles, we measured the 

relative fluorescence intensity at  680-690 nm when samples were excited by 

wavelengths of 458, 476, 488, 496, 514, 543 and 633 nm. We also detected 

fluorescence of the antenna pigment phycoerythrin directly at 570 nm with an 

excitation wavelength of 543 (Beutler et al. 2002).

4.2.4 Accession numbers

Sequences of 478 rRNA gene clones determined are available under GenBank 

accession numbers AY851765 to AY852242. Clone names designate community 

(HPDOMI, HPDOMS and HPIRR), replicate library number (1 or 2) and the clone 

number (e.g. A01).
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4.3 Results

We determined the composition of microbial communities from two 

morphologically distinct Hamelin Pool stromatolites with molecular phylogenetic 

methods. The first stromatolite, HPDOM, had a domal morphology and a smooth, ~1

-2 mm thick surface layer that was separated from the underlying interior layer in 

order to compare the microbial composition of the surface sample (HPDOM-S) to 

that of the interior (HPDOM-I). The second stromatolite, HPIRR, had an irregular 

morphology  and a pustular surface layer that was not easily  separated from the 

interior. Therefore, the sample was analyzed in bulk (see Materials and Methods). For 

each sample, we constructed duplicate libraries of 96 randomly  selected clones of 

SSU rRNA genes amplified by PCR with universal primers and determined their 

sequences. 

4.3.1 Autosimilarity and sample representativeness

Microbial communities are highly complex and we do not sample all unique 

sequences. Consequently, we tested whether our clone libraries were representative 

samples of rRNA genes amplified from community DNA by measurement of the 

autosimilarity  (similarity among replicate samples randomly drawn from a population 

(Cao et al. 2002) of duplicate clone libraries from each stromatolite with the P test 

(Materials and Methods). Results showed high autosimilarities with no significant 

differences in phylogenetic representation between duplicate libraries from the same 
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stromatolite sample (p>0.995). This indicates clone libraries were representative 

samples of at least the abundant phylogenetic diversity of sequences cloned from each 

community. The similarity of duplicate libraries is illustrated by the phylogenetic 

trees in Figure 4.3, which show a relatively even distribution of sequences from 

duplicate libraries for each community. Based on these results, we combined 
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Figure 4.3. Phylogeny and representativeness of duplicate clone libraries. (A) HPDOM-S, 

(B) HPDOM-I and (C) HPIRR. Each phylogenetic tree contains sequences from duplicate 

libraries, which respectively are represented by black and gray boxes. The phylogenetic 

lineages and relative proportion of sequences are shown for abundant  sequences in the 

communities. Scale is 0.10 nucleotide changes per site.



duplicate libraries from each community  and performed all additional analyses on 

combined sequence sets unless stated otherwise.

4.3.2 Estimated richness and coverage

In order to assess the richness (the actual diversity) and the coverage (how 

well a sample represents the population from which it was drawn) of clone libraries, 

we employed the non-parametric estimators Chao1 and SACE for richness and Good’s 

C and Chao’s CACE for coverage (summarized in Kemp and Aller 2004). These 

estimators use species-abundance data, so we collected sequences into operational 

taxonomic units (OTUs), relatedness groups, based on sequence similarities. 

Relationships between rRNA sequence variation and traditional taxonomic units such 

as species are not yet clear (Stackebrandt and Goebel 1994). Consequently we 

defined OTUs at  fixed thresholds from 95% to 100% sequence identity  in 1% 

increments. Table 4.1 shows estimated richness and coverage for OTU thresholds that 

range from 95% to 100% sequence identity. There was a sharp increase in estimated 

richness at the 100% threshold in each community, which reflects the large fraction of 

sequences (30-45%) with relatives that differed by <1%, but  are not identical. This 

phenomenon, dubbed “microdiversity”, is ubiquitous in environmental surveys, 

though its significance is not yet clear (Acinas et  al. 2004a).

We chose 97% sequence identity  as a conservative cutoff for differentiation of 

“species” (Stackebrandt and Goebel 1994), although this likely underestimates actual 

species diversity. In order to test whether our libraries were sufficiently  large to yield 
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stable and unbiased estimates of richness at the 97% OTU threshold, we compared 

the estimated richness of each duplicate library to the estimated richness of the 

duplicate libraries combined, as proposed by Kemp and Aller (2004). We found no 

significant changes in the estimated richness at the 97% OTU threshold, which 

suggests that our libraries were representative samples. This conclusion was also 

supported by  the degree of coverage estimated for our libraries, which exceeded 50% 

for each stromatolite sample at  the 97% OTU threshold (Table 4.1).

4.3.3 Comparison to known microbial diversity

The relatedness of Hamelin Pool sequences to known rRNA gene sequences 

was determined by comparison to the >200,000 rRNA gene sequences currently in 

GenBank with BLAST to find the closest match for each Hamelin Pool sequence. 

Figure 4.4 shows the distribution of relatedness between Hamelin Pool sequences and 

their closest match in GenBank. Hamelin Pool sequences were related to known 

sequences by  an average of only 92% sequence identity, which represents microbial 
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Obs Chao1 CACE Obs Chao1 CACE Obs Chao1 CACE

100 120 993 0.22 161 1309 0.11 148 1500 0.10

99 71 178 0.66 124 505 0.41 90 566 0.45

98 64 132 0.71 117 378 0.48 78 495 0.53

97 61 117 0.74 111 314 0.52 66 288 0.60

96 58 128 0.75 103 347 0.55 62 289 0.62

95 52 107 0.79 95 302 0.60 54 160 0.67

TABLE 4.1. Observed OTUs, estimated richness and coveragea

OTU 

(%ID)b

Surface

aEstimates of ACE richness and Good’s coverage were similar to Chao1 and CACE 

respectively (R2 > 0.98) and not shown.  bOTUs were defined as  sequences related by 

sequence identities of equal to or greater than the threshold.a

Interior Irregular



diversity substantially  different from what is currently  known. Sequence relatedness 

ranged from 85-100% identity and varied by  phylogenetic group. Table 4.2 shows the 

average relatedness of Hamelin Pool sequences to known sequences for each 

phylogenetic division represented. Only 3% of Hamelin Pool sequences were related 

to known sequences at ≥97% sequence identity, which suggests 97% of the ~576 

identified sequences represent new species of organisms (Stackebrandt and Goebel 

1994). 

4.3.4 Community composition and structure.

In order to determine phylogenetic relationships of organisms in the 

stromatolite communities, we aligned the Hamelin Pool sequences and calculated 

their positions in a phylogenetic tree with over 10,000 rRNA gene sequences 

representative of known bacterial and archaeal diversity (Hugenholtz et al. 1998b) 

with the ARB software package. The phylogenetic trees in Figure 4.3 illustrate the 

relative topologies of sequences that represent each community. These trees show that 

some divisions contain clusters of microdiverse sequences, for example 
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actinobacterial sequences in HPIRR, while others are represented by  a broader 

diversity of sequences, such as planctomycete sequences in all communities. 

Hamelin Pool stromatolite communities were comprised of rRNA genes 

representative of approximately 90% Bacteria and 10% Archaea. We detected no 

eucaryal rRNA genes by PCR with universal primers in this study. The stromatolite 

communities were complex, comprised of organisms with rRNA genes representative 
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Phylogenetic Division HPIRR BOTH

Surface Interior Combineda All Clones All Clones

Bacteria + +

Acidobacteria 0.6 4.3 2.5 0.0 1.7 92.9 N/A -

Actinobacteria 4.7 9.2 7.0 31.8 15.3 94.5 +  + / -

Bacteroides 2.3 2.2 2.3 6.3 3.6 91.2 + -

Chlamydiaea 0.0 0.5 0.3 1.1 0.6 91.0 - N/A

Chloroflexi 7.6 7.6 7.6 1.1 5.5 89.9  + / - +

Cyanobacteria 3.5 0.5 2.0 5.1 3.0 92.1  + / - -

Firmicutes 7.6 6.0 6.8 0.0 4.5 94.5 N/A -

Gemmimonas 5.3 9.8 7.5 1.7 5.6 92.8 - +

OP5d 0.0 1.1 0.5 0.0 0.4 91.0 N/A N/A

Nitrospira 0.0 0.5 0.3 0.0 0.2 94.0 N/A N/A

OP1d 1.2 0.5 0.9 0.0 0.6 87.7 N/A -

OS-Kd 0.0 0.5 0.3 0.0 0.2 93.0 N/A N/A

Planctomycetes 17.5 27.2 22.4 5.7 16.9 90.6  + / -  + / -

Proteobacteria 38.0 20.7 29.3 30.1 29.4 + +

!-Proteobacteria 28.1 7.1 17.6 26.7 20.3 93.4 + +

"-Proteobacteria 5.8 2.7 4.3 0.6 3.0 91.9  + / - -

#-Proteobacteria 4.1 10.9 7.5 2.8 6.0 92.6  + / - -

SBR1093d 0.0 0.5 0.3 0.0 0.2 94.0 N/A N/A

TM6d 1.2 0.0 0.6 0.0 0.4 87.5 N/A N/A

VC2d 0.6 0.5 0.6 0.0 0.4 94.0 N/A -

Verrucomicrobia 2.3 0.5 1.4 1.1 1.3 91.9 - -

WS3d 0.0 0.5 0.3 0.0 0.2 91.0 N/A N/A

Archaea + -

Crenarchaeota 1.8 4.3 3.1 0.6 2.3 95.3 - -

Euryarchaeota 5.8 2.7 4.3 15.3 7.9 90.4 + -

Total / Average % 100 100 100 100 100 92.0

# clones analyzed 171 184 355 176 531 531

TABLE 4.2. Phylogenetic affiliation of Shark Bay community rRNA gene clones

Phylogen   

Difference    

DOM IRRc

Phylogen   

Difference    

SURF INTc

Average 

BLAST 

(%ID)b

HPDOM

Number of Clones (% of community)

aRelative proportion of HPDOM clones from surface and interior.                                                                                                                                                                                                 

bAverage sequence identity of closest GenBank relative for phylogenetic division.                                                                   

cPhylogenetic difference in Bacterial division between indicated communities measured by p-test. p-values were adjusted for 

multiple comparisons (Bonferroni). (+) significant difference with corrected p-value, (+/-) significant uncorrected, not 

significant corrected, (-) no significant difference, (blank) no comparison.                                                                                                                              

dCandidate division, known only by sequence.



of 19 of the 52 identified divisions of Bacteria (Rappe et  al. 2003), as well as 

representatives of euryarchaeota and crenarchaeota. The most abundant rRNA gene 

sequences in the combined data set were representative of proteobacteria (~29%), 

planctomycetes (~17%) and actinobacteria (~15%). In contrast, cyanobacterial 

sequences comprised <5% of the stromatolite communities. No sequences indicative 

of novel phylogenetic divisions were detected among the >500 clones analyzed.

4.3.5 Surface compared to endolithic communities.

In order to test the hypothesis that endolithic communities of stromatolites are 

distinct from surface communities, we compared rRNA gene sequences from 

HPDOM-I to those of HPDOM-S. The P test  showed a significant difference between 

the surface and interior communities (p<0.001). Both communities were comprised of 

diverse sequences representative of Bacteria and Archaea. Sequences from the 

interior community represented 19 bacterial divisions. Sequences from the surface 

community  represented 12 of the same bacterial divisions and one additional division, 

TM6.

With the P test, we examined (i) whether there was a significant difference 

between the communities for each lineage in the tree and (ii) which lineages reduced 

the significant difference between the communities when removed from the tree. This 

operation identifies lineages potentially  specific to particular environments. Lineages 

with significant differences are shown in Table 4.2. Five of twelve bacterial divisions 

with sequences from both communities showed significant differences (p<0.05), as 
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did the distribution of euryarchaeota and α, β, and γ-proteobacteria. Except for the 

firmicutes, lineages that showed significant differences also contained most 

sequences. Removal of lineages did not reduce the significant difference between the 

communities, which suggests the difference between the communities is distributed 

throughout the phylogenetic tree and not concentrated in any particular lineage.

Figure 4.5A shows the relative distribution of clones from the surface and 

interior communities for the most abundant phylogenetic lineages. There were no 

identical sequences and few closely related sequences shared between the surface and 

interior communities. Only about 20% of sequences from the two communities were 

related at 97% or greater sequence identity, which suggests about 80% of each 

community  differed from the others at  a minimum of the species level. The most 

obvious differences in sequence composition between layers were in relative 

abundances of α-proteobacterial, planctomycete and cyanobacterial sequences, as 

shown in Figure 4.5A. 

Cyanobacterial sequences were a remarkably small fraction of both 

communities, but were more abundant in the surface, which receives the most solar 

radiation. Phylogenetic analysis of the cyanobacterial sequences is summarized in 

Figure 4.6A and showed that  sequences from the surface and the interior were ≥98% 

identical. The HPDOM  cyanobacterial sequences were most closely  related to the 

filamentous Microcoleus spp., but by only ~94% sequence identity, which indicates 

the most abundant cyanobacteria in HPDOM are relatively  novel compared to known 
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species. Sequences representative of α-proteobacteria also were more abundant in the 

surface community and all were most closely related to cultured organisms known for 

anoxygenic photosynthesis, as shown in Figure 4.6B. Planctomycete sequences were 

enriched in the interior community and there were significant phylogenetic 

differences from exterior community, as shown in Table 4.2. Planctomycete 

sequences from both communities were substantially  different from known 

sequences, with an average of ~10% rRNA sequence divergence. Little is known 
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Figure 4.5. Comparison of the most  abundant sequences by phylogenetic division for (A) 

HPDOM-S and HPDOM-I and (B) HPDOM and HPIRR.
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Synechococcus sp. PCC 6301 X03538
Leptolyngbya boryanum X84810

Anabaena planctonica AB093488
Nostoc commune AB088405

Cylindrospermopsis raciborskii AF516730
Scytonema sp. AY069954

Oscillatoria princeps AB045961
Phormidium autumnale AY218830

IRR 56%

Microcoleus sp. PCC 7420 X70770

DOM 100% 

Trichodesmium sp. X70767
Pleurocapsa sp. X78681

IRR 33%

Chroococcidiopsis sp. PCC 6712 AB039004
Gloeocapsa sp. KO30D1 AB067579

Spirulina subsalsa AF329394

Chloroplasts

Pseudanabaena sp. PCC 6802 AB039016
Gloeobacter violaceus BA000045

DOM 11%

Spirochaeta

0.10

Prochlorococcus marinus AF180967

Figure 4.6. Diagramatic phylogenetic trees of Hamelin Pool stromatolite sequences and their 

cultivated relatives. Reference sequences of cultured representatives are shown in italics with 

associated GenBank accession numbers. Groups of related Hamelin Pool sequences are 

represented by wedges. The range of sequence divergence is represented by the length of the 

top and bottom edges. Open wedges contain sequences from HPIRR, black wedges contain 

sequences from HPDOM, gray wedges contain sequences from both and wedges that  contain 

reference sequences only are labeled inside the wedge. (A) Cyanobacterial sequences. 

Percentages indicate the fraction of total cyanobacterial sequences from HPDOM (DOM) or 

HPIRR (IRR). There were 7 HPDOM sequences and 9 HPIRR sequences. (B) α-

proteobacterial sequences. Percentages indicate the fraction of total α-proteobacterial 

sequences from HPDOM (DOM) or HPIRR (IRR). The fraction of total HPDOM sequences 

from the surface (DOM-S) and interior (DOM-I) are shown. There were 53 HPDOM α-

proteobacterial sequences and 45 HPIRR α-proteobacterial sequences.
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about the nature of planctomycetes in the environment. Sequences representative of 

the group  are abundant in many environments.

4.3.6 Stromatolite communities and morphotypes

In order to test the hypothesis that different microbial communities are 

associated with different stromatolite morphotypes, we combined sequences from the 

HPDOM-S and HPDOM-I samples (HPDOM) and compared them to HPIRR 

sequences. The P test showed a significant phylogenetic difference between the 

communities (p<0.001), which suggests the communities are comprised of distinct 

populations of microorganisms. Most sequences representative of particular 

phylogenetic groups in both communities contributed to this significant difference, as 

shown in Table 4.2, and no lineages reduced the significant difference between the 

communities when removed from the tree.

The communities were similar in their relatively low abundances of 

cyanobacterial sequences and high abundances of α-proteobacterial sequences most 

closely related to those of known anoxygenic phototrophs (Figure 4.6B). HPIRR had 

two distinct groups of cyanobacterial sequences, one most closely related to 

Microcoleus spp. sequences and the other to sequences of non-filamentous 

Pleurocapsa spp. (Figure 4.6A).

There were more differences than similarities in the composition of HPDOM 

and HPIRR at the bacterial phylogenetic division level, as shown in Table 4.2 and 

Figure 4.5B. Only about 10% of sequences from the two communities were related at 
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≥97% sequence identity, and only about 15% of sequences were related at ≥95% 

sequence identity. The most obvious differences in composition of the two 

communities were in sequences representative of actinobacteria and euryarchaeota, 

which were more abundant in HPIRR, and planctomycetes, which were more 

abundant in HPDOM.

4.3.7 Microscopic analysis

In order to determine the distribution of oxygenic phototrophs in Hamelin 

Pool stromatolite communities, we imaged fluorescence indicative of pigments 

associated with oxygenic photosynthesis in thin sections with laser scanning confocal 

microscopy (LSCM). We also analyzed spectral signatures of fluorescent cells by 

LSCM, which are diagnostic of photosynthetic pigments associated with different 

groups of oxygenic phototrophs (see Materials and Methods). Fluorescence was 

induced only  at 633 nm and not other wavelengths tested (458, 476, 488, 496, 514 

and 543 nm), which is a signature of cyanobacteria in vivo and contraindicative of 

cells that contain chloroplasts, which should be excited at 458 nm as well (Beutler 

2002). Figure 4.7 shows the distribution and spectral signatures of fluorescent cells in 

HPDOM. All observable fluorescence was located in a layer ~ 0.2 mm thick at the 

surface of the samples. Individual cells with diameters of 2-4 µm were observed at 

the surface. The underlying band of diffuse fluorescence was due to scattered 

fluorescence emitted by cells embedded in the mineral matrix. The excitation 

observed in cells at 633 nm and corresponding emission at  685 nm are diagnostic of 

phycocyanin. A subset of fluorescent cells shown in Figure 4.7 (G-I) also exhibited 
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Figure 4.7. Cyanobacterial cells imaged in thin sections of the surface layer of 

HPDOM  with laser scanning confocal microscopy  shown at three magnifications. 

The top row (A and B) shows reflected light images and (C) a phase contrast image 

of cyanobacterial cells scraped from the surface of HPDOM. Row 2 (D-F) shows 

phycocyanin fluorescence (F 633/685). Row 3 (G-I) shows phycoerythrin 

fluorescence (F 543/590). Row 4 (J-L) shows the merge of images in rows 2 and 3.



fluorescence diagnostic of phycoerythrin (excitation 543 nm, emission 590 nm) 

(Beutler et al. 2002).
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4.4 Discussion

4.4.1 Molecular methods 

Culture-independent molecular methods overcome many problems associated 

with the study of natural microbial communities by culture and microscopy alone. In 

principle, universal rRNA libraries provide a snapshot of the relative proportions of 

phylogenetic types in a community and some properties of those individuals can be 

inferred from phylogenetic information. Organisms that are representatives of a 

particular phylogenetic group are expected to have properties common to the group.

We acknowledge, however, there are potential experimental artifacts, which 

can introduce biases in how well clone libraries represent the actual rRNA gene 

community  in a sample. These include variable PCR amplification that results from 

primer selectivity and differential extraction of genomic DNA from environmental 

samples (Reysenbach et al. 1992; von Wintzingerode et al. 1997; Kanagawa 2003). 

Different species may also have variable numbers of rRNA gene copies (Acinas et al. 

2004b). Therefore, the relative abundance of rRNA genes surveyed from a sample 

with PCR-based methods may  not correspond directly  to the relative abundance of 

organisms in the original sample.

Nonetheless, studies show a significant correspondence between abundances 

measured with clone libraries and assessed with other methods, such as fluorescent in 

situ hybridization (Juretschko et al. 2002), rRNA hybridization (Massana et al. 1997) 
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and clone libraries made by reverse transcription of rRNA (Nogales et al. 2001). 

General correspondence is also observed between libraries made with different PCR 

primer combinations (Frank et  al. 2003). Collectively  the results show that, when 

employed carefully, these methods accurately identify  the most abundant organisms 

present in the original sample. While we cannot rule out systematic biases in this 

study, the high autosimilarity of our duplicate libraries indicates there was little 

random bias in the methods.

4.4.2 Sample representativeness

The statistical treatment of our results suggests that the clone libraries were 

representative of the population of sequences amplified and cloned from the 

stromatolite communities. Sampling is a complex and essential consideration in 

general ecology (Cao et al. 2002), which attracts attention in molecular microbial 

ecology as efforts to understand microbial diversity increase and the cost of DNA 

sequencing decreases (Hughes et al. 2001; Bohannan and Hughes 2003; Forney et  al. 

2004). Natural microbial communities tend to be highly complex and the in situ 

diversity is seldom entirely sampled with molecular methods. Consequently, for 

comparison and estimation of community compositions it is essential to assess how 

well samples represent communities (Cao et al. 2002; Martin 2002). We assessed 

sample representativeness with two methods that test different measures of 

autosimilarity. This approach has been proposed as a more objective and efficient 

means to assess sample representativeness than other methods currently employed, 

such as estimation of rarefaction or coverage (Cao 2002; Kemp and Aller 2004).
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While results from comparative phylogenetic methods as well as rarefaction 

analysis suggested our samples were representative, we propose that  measurement of 

the autosimilarity of sequence data with phylogenetic methods is more robust and 

objective than with OTU-based methods. OTU methods fail to acknowledge the 

diversity of microbial life by  imposition of a taxonomic species concept on 

phylogenetic data. This can lead to questionable assumptions about the taxonomic 

relationships of organisms based on rRNA sequence variation. For example, evidence 

suggests the relationship  between taxonomic units and SSU rRNA gene sequence 

varies by phylogenetic division (Forney et al. 2004), but the details have not been 

articulated. Stackebrandt and Goebel (1994) studied this relationship in Bacteria and 

concluded that strains with SSU rRNA genes that are <97% identical are most likely 

different species, but strains with SSU rRNA genes that are >97% identical could be 

the same species or different species.

4.4.3 Phylogenetic composition

The microbial communities of the Hamelin Pool stromatolites are comprised 

of ~90% Bacteria and ~10% Archaea, similar to results of other studies of different 

kinds of microbial mats (Spear 2003). Much of the novel diversity we found was 

associated with bacterial phylogenetic divisions that are considered highly  sampled, 

such as the α-proteobacteria, where we found many sequences <90% identical to 

known sequences, of those determined. This shows there is undiscovered novel 

diversity even in lineages represented by many  sequences. We also obtained 

sequences characteristic of five candidate divisions of Bacteria, phylogenetic 
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divisions with no cultured representatives that previously had been encountered in 

other environmental surveys (Hugenholtz et al. 1998a; Rappe et al. 2003). These 

sequences constitute new and independent evidence that these candidate divisions in 

fact represent unique bacterial relatedness groups.

We found sequences representative of a relatively  low abundance of archaea, 

but both euryarchaeotes and crenarchaeotes were represented. Little is known about 

the metabolic diversity of archaea; therefore, it is not possible to assess their potential 

roles in the stromatolite communities. Euryarchaeal clones were most closely  related 

to halophilic archaea, which is consistent with the hypersaline environment of the 

Hamelin Pool. Crenarchaeal rRNA sequences were not specifically associated with 

those of any  cultured organisms. Absence of eucaryotic sequences suggests that if 

they  were present in the stromatolites, they were relatively scarce. This is in contrast 

to the proposal that diatoms and other photosynthetic algae play a substantial role in 

the formation of Hamelin Pool stromatolites (Awramik 1988). Our results corroborate 

those of Reid et al. (2000) who also found that diatoms and other eucaryotes are 

scarce in Bahamian stromatolites.

4.4.4 Primary productivity, biomass and community structure

The emergent properties of stromatolite communities are governed by how 

community  members contribute to the biomass, energy flow and mineralization of the 

community. Our results provide a snapshot  of the relative proportions of phylogenetic 

types in the stromatolite communities. The standing crop biomass of a community  is a 
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function of the relative abundance and size of its members. Community members are 

sustained by  a flow of energy, which primary producers ultimately generate from an 

external source of energy, such as light or chemical energy. Both the relative size and 

the turnover rate of primary producers influences the number of individuals needed to 

sustain a community. A distinction between the overall biomass of the stromatolite 

communities and that of its primary  producers is potentially important for 

understanding the processes that form stromatolites.

The low abundance of cyanobacterial rRNA genes in the Hamelin Pool 

communities suggests other kinds of organisms comprise much of the biomass. 

Surveys of hypersaline microbial-mat communities (Spear et al. 2003) and Bahamian 

stromatolite communities (Baumgartner et al. 2005) also found low relative 

proportions of cyanobacterial rRNA genes in universal libraries. Biogeochemical 

studies of the Bahamian stromatolites show most oxygenic photosynthesis occurs in a 

submillimeter layer near the surface (Visscher Baumgartner 1998). Thus, the 

distribution of oxygenic phototrophs we observed in Hamelin Pool communities is 

similar to that of Bahamian communities.

If the main source of primary productivity in Hamelin Pool communities were 

oxygenic photosynthesis by cyanobacteria, then these communities would be 

supported by a relatively small fraction of the community (≤5% of rRNA genes). 

Such a scenario seems possible considering cyanobacteria can have very  high 

turnover rates (Overmann and Garcia-Pichel 2001) and the cyanobacterial cells we 

observed microscopically had on average about twice the diameter of other cells. This 
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observation implies cyanobacterial cells in the community have cell volumes about 

eight times larger than other organisms. In addition, there is no obvious external 

source of chemical energy in Hamelin Pool sufficient to drive new net primary 

production by metabolisms other than oxygenic photosynthesis. 

Nonetheless, we find evidence that potential anoxygenic phototrophs are 

numerically abundant in the stromatolite community; thus, they may represent a 

considerable fraction of the standing biomass. Such organisms undoubtedly 

contribute to gross primary productivity in the community by  photosynthesis, but 

anoxygenic phototrophs rely on a supply of electron donors such as sulfide, hydrogen 

and reduced organics. Energy  that typically  produces such electron donors in 

comparable microbial systems originates from oxygenic phototrophs, cyanobacteria, 

and is transformed by a complex web of metabolisms (Des Marais 2003). For 

example, sulfate reduction occurs in Bahamian stromatolites in an anoxic layer 

several millimeters below the photosynthetic zone (Visscher et al. 1998). Such a 

sulfidic layer could support anoxygenic photosynthesis in stromatolite communities. 

Most other Hamelin Pool sequences were only distantly related to those of cultivated 

organisms, and so the metabolisms of the organisms they represent are not 

predictable. 

4.4.5 Geological implications 

The significant differences we found between the HPDOM  and HPIRR 

communities show that stromatolite morphology may be attributable to different 
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microbial communities, although more comparisons are required to confirm this 

hypothesis. Ancient stromatolites have many morphologies (reviewed in Grotzinger 

1999) which may indicate that  different microbial communities formed the basis for 

each unique structure. Variations in stromatolite morphology could result, for 

instance, from the nature of microbial extracellular materials, which might trap 

sediments differently or attract different community members.

While cyanobacteria do not dominate Hamelin Pool stromatolite communities 

numerically, they  likely play the main role in primary  production. Our results suggest 

that novel and diverse microorganisms form much of the structure and fabric of the 

communities and, therefore, must contribute substantially to stromatolite formation. It 

is possible that microbial communities fueled by  metabolisms other than oxygenic 

photosynthesis formed some ancient stromatolites. For example, stromatolites in 

Yellowstone hot springs are built by communities in which primary producers are 

anoxygenic photosynthetic chloroflexi fueled by electron donors derived from 

hydrothermal fluids (Doemel and Brock 1974). Therefore, we conclude that ancient 

stromatolites cannot be taken alone as evidence for oxygenic photosynthesis. 
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5 Endolithic Communities as Model Systems

Collectively, results from this dissertation support several hypotheses about 

the biodiversity and ecology of endolithic communities. The rRNA gene sequence 

data from this study provide a universal phylogenetic framework to test these 

hypotheses. When applied generally to microbial ecology, these results provide 

insight on ecological principles known to apply to macro-ecological systems. Such 

principles have been difficult to test due to the complexity  of microbial diversity of 

typical communities. The relatively low rRNA gene diversity  of endolithic 

communities surveyed from different environments supports the hypothesis that 

endolithic communities are among the simplest microbial ecosystems known. The 

similarity of rRNA genes from replicate samples of communities at individual sites 

supports the hypothesis that endolithic communities are true ecological communities 

characterized by consistent assemblages of microorganisms that co-occur within a 

defined habitat. This helps support the general principle that microbial ecosystems 

consist of distinct communities and are not stochastic assemblages of organisms.

In this study, the low diversity  of endolithic communities and the overall 

similarity of rRNA gene composition at broad phylogenetic scales suggests that 

endolithic communities in disparate environments are seeded from a relatively small 

metacommunity of microorganisms. In order to assess the size of this potential 
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Figure 5.1. Rank-abundance distribution of rRNA sequences from all endolithic communities 

in this study.

FQ OC SC EP OC SC SC CY LI NE WS QL WT DO IR

SS SS SS LS LS LS GR SS SS SI SI SI SI CA CA

Cyanobacteria 23 22 48 48 23 24 2 32 0 0 42 50 2 5 21.4

Actinobacteria 5 31 21 16 22 32 42 6 6 48 27 2 4 7 32 20.0

Proteobacteria 6 7 11 13 21 18 7 32 5 11 21 19 13 29 30 16.2

Chlorophytes 58 0 1 13 2 10 1 48 26 31 0 0 12.6

Archaea 0 19 2 0 8 0 25 5 0 0 0 7 16 5.5

Bacteroidetes 1 21 1 2 9 7 1 1 7 7 0 4 8 2 6 5.0

Firmicutes 2 0 2 1 1 2 10 2 18 0 8 7 0 3.5

Planctomycetes 1 0 0 0 0 0 1 1 0 0 10 4 22 6 2.9

Chloroflexi 2 1 7 0 2 2 6 2 0 0 8 4 8 1 2.7

Deinococcus 1 0 0 8 0 0 0 26 0 2 1 0 2.5

Fungi 33 2.2

Acidobacteria 2 0 4 0 0 4 4 1 0 0 5 1 2 0 1.6

Gemmimonas 0 0 1 0 2 0 1 0 1 1 0 8 2 1.0

OP 0 0 1 0 2 0 2 0 0 4 4 2 0 1.0

Verrucomicrobia 0 0 0 0 6 0 0 0 0 3 3 1 1 1.0

Chlamydiaea 2 0 1 0.2

OCLS 3 0.2

TM6 0 0 0 2 1 0 0.2

Nitrospira 1 0 0 0 1 0 0.1

Chlorobi 0 0 0 0 0 1 0 0.1

VC2 1 0 0.1

Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

~Clones 1185 384 192 576 384 192 192 500 700 864 576 384 384 355 176 7044

Avg 

(%)

Table 5.1. Distribution of endolithic community rRNA gene types

Ranked 

Phylogenetic 

Affiliation

Communities are designated as follows: Forest Quarry (FQ), Owl Canyon (OC), Sinks Canyon (SC), 

Exlcamation Point (EP), Antarctic "cyanobacteria-dominated" (CY), Antarctic "lichen-dominated" 

(LI), Norris (NE), Washburn (WS), Queens Laundry (QL), West Thumb (WT), Domal Stromatolite 

(DO) and Irregular Stromatolite (IR). Rock types: sandstone (SS), limestone (LS), granite (GR), 

silceous sinter (SI), carbonate (CA).

Antarctic Yellowstone Shark BayRocky Mountain



metacommunity, I collected all the sequences into relatedness groups (bins) with ≥ 

97% sequence identity, which is a conservative estimate of species-level diversity. 

Results indicate there are ~660 species-level groups among the ~2000 sequences 

determined in this study and the Antarctic study (de la Torre et  al. 2003), which 

represent ~7000 rRNA gene clones screened by RFLP. This suggests that  only ~10% 

of the rRNA gene clones sampled from endolithic communities represent unique 

microbial species. The rank-abundance distribution of species-level rRNA clones is 

approximately lognormal, and is consistent with the distribution of rRNA diversity at 

broader levels of phylogenetic relatedness (see below). The Chao1 estimate of 

potential species-level diversity (97% sequence identity) is on the order of 103 

species-level groups, which is not significantly higher than that measured.

The division-level phylogenetic composition of 15 endolithic communities 

from this study and the Antarctic study  are summarized in Table 5.1. The 

phylogenetic affiliations are ranked in order of the average abundance of rRNA gene 

clones representative of each division. Results indicate that an average of ~70% of 

rRNA gene clones from these communities belong to three bacterial divisions, 

Cyanobacteria, Actinobacteria and Proteobacteria, and one eucaryal group, the 

Chlorophytes (green algae). Most endolithic communities from this study share 

sequences in common from these groups at the genus (~95% identity) and species 

(~97% identity) level. The distribution of rRNA gene types among phylogenetic 

divisions is approximately  lognormal, as shown in Figure 5.1.

142



5.1 Comparison of all communities

In order to test the hypothesis that endolithic ecosystems from disparate 

environments and geographical locations have similar microbial compositions, I 

compared the rRNA gene compositions of the communities in this study with the D 

test. Results from pair-wise comparisons indicate all communities have significantly 

different phylognetic composition, except for those from the Forest  Quarry and 
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Figure 5.2. UPGMA tree of D test unique fraction length (UFL) distances shows the 

phylogenetic relationship between endolithic communities from this study. Study areas are 

indicated as follows: Yellowstone (YE), Shark Bay (SB), Rock Mountain Region (RM) and 

Antarctica (ANT). Rock type are indicated as follows: sandstone (SS), limestone (LS), 

granite (GR).



Antarctic “lichen-dominated” sites. This suggests most communities have unique 

microbial compositions at the finest scales of rRNA phylogeny. While the details of 

this scale are not completely understood, growing evidence suggests that for many 

phylogenetic divisions, the relatedness scale of rRNA gene similarity  is substantially 

finer than traditional measures of species-level diversity. Such “microdiversity” is 

observed in many microbial ecosystems, although its ecological significance is 

unknown (Acinas et al. 2004a).

In order to compare the overall phylogenetic relationships of the endolithic 

communities from this study, I calculated a UPGMA tree from the pair-wise UFL 

distances calculated by the D test, as shown in Figure 5.2. A sequence set 

representative of a hypersaline microbial mat community from Guerrero Negro, 

Mexico (Spear et al. 2003; Ley et al. 2005) was included as an outgroup  community 

in the UPGMA calculation. These results are preliminary due to the experimental 

nature of this unpublished method. Nonetheless, the UPGMA results provide 

phylogenetic support for some general hypotheses about these communities. For 

example, the relationships observed in UPGMA trees from each study area, the Rocky 

Mountains, Yellowstone and Shark Bay, are supported in this larger tree. The tree also 

suggests a dichotomy between the relatively  desiccated communities of the Rocky 

Mountains and Antarctica and communities from the wetter, less extreme 

environments of the basic Yellowstone and Shark Bay environments.

This association of the Shark Bay communities and the basic Yellowstone 

communities was unexpected, and suggests these seemingly  disparate environments 
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share some common biogeographical properties. The most obvious properties 

common to these sites are a relatively wet environment and a pH of ~8.5-9. 

Comparison of the division-level phylogenetic composition of Shark Bay and 

Yellowstone basic communities indicates an overlap of ~70%. Collectively, these 

communities also harbor the most phylogenetic diversity of endolithic communities 

from in this study. A previous study found a morphological connection between living 

stromatolites in the Yellowstone environment and those from the geological record 

(Doemel and Brock 1974). Results from the current study suggest a possible 

biological connection between Shark Bay  stromatolite communities and endolithic 

communities of Yellowstone, which have the potential to become fossilized and 

preserved in the geological record. Therefore, it is possible that more fossil 

stromatolites in the geological record represent ancient geothermal environments 

similar to those that exist in Yellowstone today.

5.2 Model microbial systems

Results from this dissertation indicate that endolithic communities are 

tractable model systems for microbial ecology and geobiology. The microbial 

diversity of communities described in this study is remarkably simple in comparison 

to that of other commonly studied environments, such as soil, the Sargasso Sea or 

Guerrero Negro mats. Such relatively  low complexity facilitates a more complete 

census of the phylogenetic diversity  of endolithic communities, which can provide 

insight into the principles that organize microbial ecosystems. The intimate and 

relatively stable association of endolithic microorganisms and mineral environments 
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provides a valuable model system for geobiological processes, such as rock alteration 

and weathering.

Careful assessment of the rRNA gene surveys in this study demonstrates that 

efforts typical of current studies (hundreds of clones) provide adequate 

representations of the incidence and abundance of the most common rRNA genes 

present in endolithic communities. This suggests that the microbial diversity and 

composition of these model ecosystems is easily assessed with current technology. In 

this study, estimates of potential diversity of endolithic communities were on the 

order of 103 unique rRNA gene types. In contrast, minimum estimates of microbial 

diversity of soil, Sargasso Sea and Guerrero Negro communities range from 105-107 

rRNA gene types and may be higher (Dunbar et al. 2002; Lunn et al. 2004; Venter et 

al. 2004; Ley  et al. 2005). Thus, the compositions of such communities are largely 

unknown, which hampers the assessment of biodiversity patterns predicted for 

microbial ecosystems.

Results from this study support  several general hypotheses about microbial 

ecosystems, which have been predicted based on theory from macro-ecological 

systems, but have little experimental support (Curtis and Sloan 2004 ; Horner-Devine 

et al. 2004). For example, the consistent rank-abundance distributions of rRNA gene 

types observed in this study  suggest that at least some microbial ecosystems exhibit 

the predicted lognormal distributions of biodiversity that commonly describe macro-

ecological systems (Dunbar et al. 2002). Results also support the hypothesis that 

microorganisms form true ecological communities in specific environments, which 
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contradicts the hypothesis that microbial communities are stochastic assemblages that 

never repeat. Comparison of the phylogenetic composition of endolithic communities 

also supports the hypothesis that  endolithic communities are formed by organisms 

from a relatively moderate, cosmopolitan metacommunity (Friedmann and Ocampo-

Friedmann 1984a). Whether these characteristics are specific to endolithic ecosystems 

or reflect more general principles in microbial ecology will require further study.

Finally, evidence from this study  indicates that endolithic communities are 

important model systems for geobiological processes. Results from the analysis of 

Yellowstone endoliths support the hypothesis that endolithic communities are 

preserved in the geological record and may serve as potential biosignatures for the 

study of past life on Earth or elsewhere in the solar system (Friedmann and Ocampo-

Friedmann 1984b; Wynn-Williams and Edwards 2000b; Wierzchos and Ascaso 2002; 

Walker et al. 2005a). Current missions to Mars that search for evidence of past life 

target areas that represent past hydrothermal systems, which may be analogous to 

those of Yellowstone (Farmer and Des Marais 1999; Christensen et al. 2003). The 

endolithic environment is a critical habitat to explore in that search. The abundance of 

endolithic life in Yellowstone geothermal environments, combined with the potential 

for biosignature preservation, suggests that rocks associated with former 

hydrothermal systems may be the best hope for finding evidence of past life on the 

Martian surface.
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Appendix A Statistical Formulas

Good’s C coverage estimator (Good 1953):

!

€ 

C =
n1
N ! ! ! ! ! ! ! ! (1)

n1 is the number of OTUs that occur once and N is the total number of OTUs in the 

sample.

CACE coverage estimator (Chao et al. 1993, Lee and Chao 1994):

!

€ 

CACE =1− F1
Nrare

 
! ! ! ! ! ! (2)

F1 is the number of OTUs that occur once and Nrare is the number of OTUs that 

occur ≤ 10 times.

Chao1 richness estimator (Chao 1984; Chao 1987):

!

€ 

SChao1 = Sobs +
F12

2(F2 +1)
−

F1F2
2(F2 +1)2 ! ! ! ! (3)

Where Sobs is the number of OTUs observed, F1 is the number of OTUs observed 

once and F2 is the number of OTUs observed twice.

SACE richness estimator (Chao et al. 1993, Lee and Chao 194):

!

€ 

SACE = Sabund +
Srare
CACE

+
F1
CACE

γ 2ACE  
! ! ! ! (4)
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Sabund is the number of OTUs that occur > 10 times, Srare is the number of OTUs that 

occur ≤ 10 times and F1 is the number of OTUs that occur once. γ2ACE is the 

coeffecient of variation of the Fis and is calculated as:

!

€ 

γ 2ACE =max Srare
CACE

i(i −1)F1
i=1

10

∑
(Nrare )(Nrare

−1)

 

 

 
 
 
 

 

 

 
 
 
 

−1,0 

! ! ! (5)

Morisita-Horn similarity index (Magurran 2004). Range 0 (no similarity) to 1 

(identity).

!

€ 

MHSij =
xik x jk

(di + d j )Ni.N j.k=1

S

∑  
! ! ! ! ! (6)

S is the number of OTUs, xik is the abundance of OTU k in sample i, Ni is the total 

OTUs in sample i, and:

!

€ 

di =
xik

2

Ni.
2

k=1

S

∑  
! ! ! ! ! ! ! (7)
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