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ABSTRACT

Microbial communities in soil are among the most diverse and species-rich of
any habitat, but we know surprisingly little about the factors that structure them.
Geothermal soils present unique and relatively unexplored model systems in which
to address ecological questions using soil microbial communities, since harsh condi-
tions in these soils exert strong filters on most organisms. This work represents two
very different approaches to studying soil ecology in geothermal soils in Yellowstone
National Park: 1) Arbuscular mycorrhizal fungal (AMF) communities living in the
roots of Mimulus gutattus in contrasting plant community types were compared to
assess a link in community structure between plants and their AMF symbionts; and
2) soil microbial communities were surveyed across multiple spatial scales in an un-
studied diatomaceous biological soil crust in alkaline siliceous geothermal soils, using
bar-coded 454 pyrosequencing of 18S and 16S rDNA.

Mycorrhizal communities living in plant roots from contrasting community types
showed a striking difference in taxon richness and diversity that appears to transcend
soil-chemical differences, though robust conclusions are difficult since plant and fungal
communities are structured by some of the same confounding soil conditions. Cluster
and discriminant analyses were employed to compare drivers of AMF community
structure.

Eukaryotic and prokaryotic communities in a diatomaceous biological soil crust
differ significantly from that of an adjacent sinter soil, and along a photic depth
gradient. Along with a description of this unique system, extensive multivariate
community analyses were used to address outstanding questions of soil microbial
community spatial heterogeneity and the methodologies best suited to the unique
assumptions of these datasets. Depending on the intended scope of inference, much
detail can be gained by investigation of microbial communities at the aggregate or
soil particle scale, rather than through composite sampling. Additionally, g-diversity
patterns are apparent with relatively few sequences per sample.



CHAPTER 1.

INTRODUCTION

This dissertation explores several aspects of soil microbial communities and their
ecology in Yellowstone National Park (YNP) geothermal soils. These soils present,
with caveats, elegant model systems in which to address outstanding questions in the
field of soil microbial ecology; they are embedded within a mosaic landscape with
highly variable conditions that generally exert strong filters on inhabitants, and thus
an investigator is able to work with organisms living at the limits of environmental
tolerance. In some ways the complex chemical and physical conditions within these
systems confound one another in such a way as to complicate study and analysis, while
on the other hand, life in these soils is so difficult for potential denizens that the noise
and complexity associated with ecological studies in less harsh conditions is cut away
to expose the core necessities of life within an interacting community. The work
presented herein takes advantage of these remarkable soil environments to better un-
derstand ecological interactions, community assembly, and the inherent heterogeneity
of soil microbial communities using a variety of molecular methods aimed at sampling
and studying environmental DNA. Additionally, ecological statistical methods that
were designed for, and have long been used to understand, communities of macroor-

ganisms are increasingly being applied to massive microbial ecology datasets, and
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this dissertation presents statistical approaches that are useful in exploring microbial

communities.

Geothermal Soils

The research presented in this dissertation was conducted exclusively in the
geothermally-influenced soils of Yellowstone National Park (YNP), WY, USA. Geother-
mal soils present an elegant opportunity to study ecological concepts in a model sys-
tem context, because abiotic factors dictate harsh conditions for soil organisms and
plants in a highly variable mosaic landscape. These soils are often a direct product
of geothermal waters and their aqueous chemical constituents. Conditions unique to
geothermal soils include elevated soil temperature that increases with depth, peri-
odic inundation of chemically diverse waters, belowground influence from steam and
geothermal water, and aqueous saturation of chemical elements that act as soil parent
material and drivers of soil-chemical processes.

Channing et al. (2004) described an alkaline-silceous geothermal soil, in close
proximity and similar to that presented in Chapters 3 & 4 of the present work, that
was composed of taphonized plant and microbial biomass and opaline silica precipitate
from Si-saturated thermal water, and they also found that this biomass taphonization
can occur within the span of a single year (Channing & Edwards 2004). Channing
(2001) suggested similar aqueous taphonization as the primary mechanism responsible
for the well-preserved fossils in the Rhynie Chert formation. The high Si content in

thermal water found in these systems results from geothermally-heated groundwater
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moving through high-Si igneous substrata. “Sinter” is the name commonly used
to refer to the opaline-siliceous deposits that form when aqueous Si precipitates at
the spring surface, which eventually breaks down into soils, while travertine deposits
and their mineral soils result from calcareous parent materials in combination with
thermal conditions (Rodman et al. 1996). All soils used in the present research, with
the exception of diatomaceous residuum, are primarily composed of sinter material
and are subsequently referred to as such.

Soil-chemical conditions in thermal areas are often highly variable across a rela-
tively fine spatial scale due to source waters that experience different localized subsur-
face chemical concentrations, groundwater temperature, pressure, and residence time
(Morgan 2007). For instance, Burr et al. (2005) reported NH;-N concentrations up
to 800 mg L' in a geothermal soil within 2 km of the diatomaceous system reported
in Chapters 3 & 4, even though NH; and NOj; concentrations in my study system
were below detection limits in the source spring water, and total N levels (as detected
by combustion) closely followed a predictable 10:1 C:N ratio for all soils tested herein;
full chemical results are presented in relevant chapters and appendices.

Relative to the wide attention garnered by geothermal spring systems in microbial
ecology research, little work has been done in the adjacent soils, with a few notable
exceptions. Burr et al. (2005) studied biologically mediated N transformations in an
acidic soil, and found potential for most steps of a soil N-cycle. Geothermal heating

events select for a particular subset of the soil microbial community following a shift
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of geothermal activities in a forested soil (Norris et al. 2002), including a shift to
a less complex, and more thermophilic community. A similarly discriminant fungal
community was reported by Redman et al. (1999), who were able to culture several
thermophilic and thermotolerant fungal species from an acidic thermal soil. Geobiol-
ogy and phototrophic ecology in endolithic microbial communities from geothermal
lithic deposits have been investigated (Ciniglia et al. 2004; Walker et al. 2005; Norris
& Castenholz 2006), and advances in molecular biology have been made using ther-
mal soil microbial communities (e.g., Botero et al. 2005). Consistent with efforts in
extreme geothermal springs, some novel microorganisms have also been cultured and
described in thermal soils (e.g., Stott et al. 2008). Some work has also been done to
explore the more apparent constituents of thermal soils, plants, and their ecological
strategies (Stout et al. 1997; Stout & Al-Niemi 2002; Tercek & Whitbeck 2004), and
arbuscular mycorrhizal fungal communities colonizing thermal plants have also been
investigated under a variety of soil conditions (Bunn & Zabinski 2003; Bunn et al.
2009; Appoloni et al. 2008). Conditions imposed upon plants and soil organisms
living within these soils, whether temperature, chemistry, or isolation, clearly select
for those specially capable of life in harsh conditions. Microbial communities in this
context often contain organisms whose strengths might lie not in fierce competitive
ability, but rather in existing beyond the comfort levels of other prospective organ-

isms. The relatively small spatial scale of extreme soil variability is also a major
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factor in the selection of these soils as models for soil ecological studies, and this

dissertation was able to take advantage of exactly that in two different systems.

Arbuscular Mycorrhizal Fungi

A majority of plants in all terrestrial ecosystems engage in a root symbiosis with
arbuscular mycorrhizal fungi (AMF). The fungal component of this symbiosis is a
monophyletic group (Glomeromycota) containing ~ 300 described taxa (Schiiiler
et al. 2001; Rosendahl 2008). The primary symbiotic mechanism entails exchange
of plant photosynthates for soil P, though plants have also been observed to benefit
from increased water and nutrient status, as well as some pathogen resistance (Par-
niske 2008). AMF have been recognized as obligate symbionts, while mycorrhizal host
plants exist on a continuum ranging from facultative to obligate (Klironomos 2003;
Johnson et al. 2006). All members of the Glomeromycota are microscopic and puta-
tively asexual, and they do not produce fruiting bodies. Instead, dispersal depends
mainly on the production of subterraneous, and in some cases endorhizal, multinucle-
ate spores, or on extension of fungal hyphae from colonized roots and root fragments
(Smith & Read 2008). There is currently no formalized species concept for AMF,
and it is unknown whether their high degree of single-spore genetic variation is the
result of hetero- or homokaryosis (Pawlowska & Taylor 2004; Bever & Wang 2005);
this, along with their coenocytic, anastomosing nature, challenges formal definitions
of individuals, populations, and communities (Rosendahl 2008). Mycorrhizal fungi

can be especially beneficial for plants living under harsh environmental conditions
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(Schechter & Bruns 2008; Bunn et al. 2009; Fitzsimons & Miller 2010; Lekberg et al.
2011), and, especially relevant to the current work, are often found heavily colonizing
thermal-tolerant plants in geothermal soils (Bunn & Zabinski 2003; Appoloni et al.
2008).

Given their paramount role in ecosystem function and plant community ecology,
AMF are a well-studied group of organisms and the AM symbiosis has often been
used in addressing larger ecological questions concerning symbioses and community
ecology (e.g., Dumbrell et al. 2010; Lekberg et al. 2007, 2011). Some studies have
shown specificity and conditional benefit in the AM symbiosis (Klironomos 2003;
Sanders 2003; Helgason et al. 2007; Opik et al. 2009), though some of these observed
differences can be linked to taxon-level environmental limitations of either plants
or fungi. While most AMF research has revolved around single-species pairings in
greenhouse experiments, mixed plant and fungal community studies reveal that the
AM symbiosis in natural systems likely influences, and is affected by, plant density,
biodiversity, and age structure (van der Heijden et al. 1998; Bever 2002; van der
Heijden et al. 2003; Johnson et al. 2003; Schroeder & Janos 2004; van der Heijden
2004; Hausmann & Hawkes 2009, 2010; van de Voorde et al. 2010), and seasonal
variation and inequality of resources also affect AMF communities (Dumbrell et al.

2011; Collins & Foster 2009).



Biological Soil Crusts

Soils in arid ecosystems often exhibit low plant cover due to limited precipitation,
and this results in increased solar radiation at the soil surface. These systems are
often inhabited by a phototrophically-driven community of soil microbes collectively
known as biological soil crusts (BSC) (Belnap & Lange 2003; Belnap 2003; Whitford
2002; Biidel 2005; Rosentreter et al. 2007; Ward 2009). BSCs are variously composed
of cyanobacteria, lichens, mosses, algae, free-living fungi, and other bacteria and ar-
chaea. These assemblages can be conceptually thought of as microbial mat systems,
since their cohesive exudative properties effectively hold surface soil particles together
in a C- and N-rich matrix of microbial biomass, cyanobacterial filaments, exudates,
hyphae, rhizoids, and rhizines. Biological soil crusts are distinct from chemical or
physical soil crusts, such as mineral salt evaporites or desert pavements, in that the
surface is held together by biotic activity rather than chemical or physical properties.
Metabolism of BSC constituents is strongly regulated by pulse-precipitation events,
and most BSC organisms are anhydrobiotic (Belnap 2002, 2003; Cardon et al. 2008).
Organisms associated with BSCs are responsible for a major portion of C and N fixed
in some arid systems where plant activity is limited, and this is largely a function
of cyanobacterial activity at and near the soil surface (Belnap 2002; Hawkes 2003;
Evans & Lange 2003). Cyanobacteria and their exudates give BSC-affected soils most
of their recognizable surface texture, and this helps to stabilize otherwise highly erodi-

ble desert soil (Chaudhary et al. 2009). This visible surface texture, along with soil
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type, is diagnostic of BSC microbial community composition (Bowker & Belnap 2008;
Rosentreter et al. 2007; Belnap & Lange 2003). Given their roles in nutrient cycling,
soil-water relations and soil stability, it is not surprising that BSCs influence plant nu-
trition and communities (Schwartzman & Volk 1989; Harper & Belnap 2001; Hawkes
2003; Housman et al. 2007). Organisms associated with BSCs are uniquely suited to
life in arid soils, and as such, several novel microorganisms have been cultured from
crusted soils (e.g., Gundlapally & Garcia-Pichel 2005; Bates et al. 2006). Much work
has also gone into characterizing the communities of cyanobacteria associated with
BSCs (Garcia-Pichel et al. 2001; Schlesinger et al. 2003; Gundlapally & Garcia-Pichel
2006; Bhatnagar et al. 2008), as well as other constituents of BSCs and associated
lichen communities (Soule et al. 2009; Bates et al. 2011a, 2012). Biological soil crusts
also present an opportunity to study ecological concepts in microbial communities,
since their constituents are relatively well-studied, and multiple trophic levels and

biogeochemical processes co-occur on a relatively fine scale (Bowker et al. 2009).

High-Throughput DNA Sequencing
of Soil Microbial Communities

Soils hold an unimaginable diversity of microorganisms that vary with environ-
mental conditions at the pm scale (Sylvia et al. 2004; Paul 2007; Madigan et al.
2008; Fierer & Jackson 2006; Fierer et al. 2009a; Fierer & Lennon 2011). These
organisms were classically studied with culture-dependent methods, though it is in-

creasingly clear that our ability to grow soil microbes is still limited; dependence
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on these techniques historically skewed impressions of microbial biodiversity (Venter
et al. 2004; Martiny et al. 2006). Thus culture-independent molecular characteri-
zation techniques, such as DNA sequencing, and especially those designed to deal
with the heterogeneity of environmental samples, has the potential to greatly im-
prove our understanding of soil microbial communities, processes, and biodiversity
(Fulthorpe et al. 2008; Lemos et al. 2011). Molecular biology techniques have fol-
lowed Moore’s Law (technological output per unit cost increases exponentially over
time; Carlson 2003), and the current cost of sequencing DNA from environmental
samples has fallen far below 1¢/Kb sequenced; this has had a tremendous effect on
the study of soil microbial ecology, since thousands of samples can now be sequenced
together for relatively little cost. Chapter 2 of the current work employs single-colony
direct Sanger-sequencing (Sanger et al. 1977), since I was able to utilize AMF col-
onization partitioning in situ in plant roots with Glomeromycota-specific primers.
Chapters 3 & 4, on the other hand, use 454 bar-coded pyrosequencing (Hutchinson
2007; Hamady et al. 2008; Meyer et al. 2008), which allowed simultaneous sequencing
of prokaryotic and eukaryotic sequences from nearly 100 aggregate-sized soil samples.
The difference between the two methods are vast in terms of effort, time consump-
tion, and the quantity of data generated; the similarity is that both give a relatively
clear, culture-independent identification of microbial taxa present in a sample. Thus

all microbial community data in this dissertation are derived from DNA sequencing.
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High-throughput DNA sequencing (including massively-parallel 454 pyrosequenc-
ing, mentioned above) has allowed the large-scale study of complex soil microbial
communities not previously feasible, and this has expanded our understanding of the
processes and factors that control microbial community assembly in a variety of soil
environments (Fierer et al. 2007a; Roesch et al. 2007; Ramette et al. 2009; Lemos
et al. 2011; Fierer et al. 2011); the application of ecological theory in microbial re-
search has accelerated as a result (Martiny et al. 2006; Prosser et al. 2007; Fierer et al.
2007b, 2009a; Philippot et al. 2011). Using 16S bar-coded sequences from biomes
across the North American continent, Lauber et al. (2009) showed pH to be a strong
predictor of bacterial community composition, after accounting for biome covariates
such as plants, plant functional types, elevation, and climate, though all of these
factors are inherently interrelated; these findings have been reinforced by additional
work (Rousk et al. 2010a, b). Though some ecological principles can be generalized
to include plants, animals, and microbes (Ramirez et al. 2010; Nemergut et al. 2010),
additional research has illustrated the fundamental ecological differences in biodiver-
sity and biogeographical patterns between macro- and microorganisms (Fulthorpe
et al. 2008; Chu et al. 2010; Fierer et al. 2011). In fact strong evidence points to the
ecological coherence of higher taxonomic groups of bacteria (Philippot et al. 2011).
Network analysis has been used to show that co-ocurrences among bacterial groups
in soils are non-random (Berberan et al. 2011), and Bates et al. (2011b) used archaeal

168 sequences to relate community patterns to soil-chemical conditions in ecosystems
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across the globe. Most pyro-tagged studies conducted in soils have utilized 16S ribo-
somal sequences; to my knowledge, no study has yet been able to capture the whole
eukaryotic soil microbial community, and part of the reason is the limited ability for
primers within the 18S region to capture all of Eukarya. Methods for detecting groups
within Eukarya have been developed and used in other, primarily aquatic, environ-
ments (Amaral-Zettler et al. 2009; Medinger et al. 2010; Chariton et al. 2010; Behnke
et al. 2011). Fungi have probably been investigated most often compared to other
groups of soil eukaryotes, owing to their important role in soil processes. Fungi have
also been targeted more often because identification of fungal primers that capture
species-level distinctions within specific groups, while difficult for fungi as a whole, is
more feasible than for all eukaryotes (e.g., Taylor et al. 2008; Opik et al. 2009; Rousk
et al. 2010a, b).

Along with the rapid creation and accumulation of unprecedented volumes of
microbial community nucleotide data, methods for dealing with these data have
also increased rapidly (Gilbert et al. 2011; Lemos et al. 2011). Several bioinfor-
matics pipeline software packages are currently available for use with different types
of metagenomic data (e.g., Caporaso et al. 2010b; Sun et al. 2010; Giardine et al.
2005), and these incorporate many choices for analyzing sequence data. The bar-

coded 454 data presented in Chapters 3 & 4 of this dissertation were processed using

QIIME (Caporaso et al. 2010b). Phylogenetic measures of dissimilarity have become



12

a common way to summarize multivariate community data, and the UniFrac dis-
tance (Lozupone et al. 2006) is an index that allows for statistical comparisons of
communities using clustering and ordination techniques, and provides insight into
community differences that are not only based on community-organism content, but
also the evolutionary interrelatedness of potentially interacting community members.
With choices in every step of analysis, it has become increasingly clear that analyti-
cal methods can have a tremendous effect on results and inference (Schloss 2010; Liu
et al. 2007). Along with the infusion of ecological community analyses into microbial
ecology, concerns over experimental design, replication, and meaningful inference are
being discussed in a way reminiscent of past discussions in macroecology (Hurlbert
1984; Prosser 2010; Lennon 2011; Lemos et al. 2011); these concepts were especially
taken into consideration during the design of experiments presented in Chapters 3 &

4, and it is my hope that this work adds to the ongoing conversation.

Overview of Dissertation

Surprisingly little research has been conducted in geothermal soils, even though
the study of more charismatic thermal features has yielded breakthroughs in the
understanding of life on Earth. The formation of these soils is unique in soil science,
since the primary factor determining the elemental content of particles, the chemical
conditions, and thus biotic inhabitants, is geothermal-influenced water. Arbuscular
mycorrhizal fungi and biological soil crust communities, the two major groups of soil

organisms investigated in this dissertation, are both well-studied, though some basic
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ecological questions stand out since in situ studies are difficult for both groups, and
little research has gone into their habitation in geothermal soils.

Chapter 2 entails the study of arubuscular mycorrhizal communities inhabiting
the roots of Mimulus guttatus in paired, adjacent contrasting plant community types —
a situation that illustrates the utility of geothermal soils as model systems. Using
28S ribosomal sequences from fungi within plant roots, I assessed a potential link
in symbiont community structures. This study represents a step in our understand-
ing of community assembly of symbiotic communities, and especially for arbuscular
mycorrhizal fungi.

Chapter 3 describes a previously unstudied geothermal diatomaceous biological
soil crust, as well as its eukaryotic microbial component. This system is a product
of a combination of geothermal conditions, and while the formation appears to have
a small geographic extent and perhaps minimal influence on the surrounding biome,
this is a very unique soil situation that challenges conventional definitions of parent
material, soil particles, porosity, and soil development. I happened across this unique
thermal environment while sampling plants for another project (Chapter 2). Every
time I walked through the area, I was intrigued by the texture of the soil surface, the
fibrous cohesion of the soil material, and the visibly active phototrophic community
in the top few centimeters of the epipedon. After brief correspondence with leaders in
the field of biological soil crusts and geothermal microbial ecology, I obtained funding

to survey the microbial communities inhabiting the soils. In this study, I was able to
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take advantage of differences in soil material and microbial communities across spatial
scales in order to investigate questions regarding microbial community heterogeneity
and metagenomic sampling design.

Chapter 4 expands on the findings presented in Chapter 3, and here I analyze
the prokaryotic component of the diatomaceous biological soil crust community. Ad-
ditional steps were taken in this study to incorporate phylogeny so that evolutionary
history is added to community analysis. I also compare occurrences of ecologically-
important bacterial phyla, cyanobacteria, verrucomicrobia, and planctomycetes along
a photic gradient, and across soil types. Additional work concerning sampling effort

assessment and rarefaction of pyrosequencing datasets is included as an appendix.
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Summary

e The influence of plant communities on symbiotic arbuscular mycorrhizal fungal
(AMF) communities is difficult to study in situ since both symbionts are strongly
influenced by some of the same soil and environmental conditions, and thus we
have a poor understanding of the potential links in community composition and
structure between host and fungal communities.

e AMF were characterized in colonized roots of thermal soil Mimulus guttatus
in both isolated plants supporting AMF for only a few months of the growing
season, and in plants growing in mixed plant communities composed of annual
and perennial hosts. Cluster and discriminant analysis were used to compare
competing models based on either communities or soil conditions.

e M. guttatus in adjacent contrasting plant community situations harbored dis-
tinct AMF communities with few fungal taxa occurring in both community
types. Isolated plants harbored communities of fewer fungal taxa with lower
diversity than plants in mixed communities. Host community type was more
indicative of AMF community structure than pH.

e Our results support an inherent relationship between host plant and AMF com-

munity structures, though pH-based models were also statistically supported.

Key words: symbiotic; community structure; arbuscular mycorrhizal fungi; Yellow-

stone National Park; habitat diversity; host diversity.
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Introduction

Understanding the drivers and controls that structure biotic communities is among
the most fundamental goals in ecology (Begon et al. 2006), and a major focus of mi-
crobial ecology in recent years (Fierer & Jackson 2006; Ramette et al. 2009). Soil
microbes, in particular, exist in a complex heterogeneous environment and their pres-
ence is often a result, to varying degrees, of dispersal, environmental tolerance, and
ecological interactions (Martiny et al. 2006; Miransari 2011; Unterseher et al. 2011).
The relative importance of these controls is poorly understood for the majority of soil
organisms, especially microorganisms (Fierer et al. 2009b).

Arbuscular mycorrhizal fungi (AMF) form a root symbiosis with a majority of
vascular plants in all terrestrial soil systems, and influence processes from the scale of
individual microbial interactions to ecosystems (Smith & Read 2008). The relation-
ship between the two symbionts is generally regarded as mutualistic and primarily
entails the exchange of plant photosynthates for immobile soil nutrients, especially
phosphorus. Plants might receive additional benefits in improved water relations,
pathogen resistance, and improved survival when establishing in existing mycorrhizal
networks (Ruiz-Luzano 2003; Newsham et al. 1995; van der Heijden 2004), and plant
growth and community composition are affected by mycorrhiza and AMF community
structure (van der Heijden et al. 1998, 2003). A small number of AMF taxa (<300
described) appear to engage in mycorrhiza rather non-selectively with the majority of
plant taxa; this taxonomically lopsided relationship might be one reason why AMF

communities have previously been assumed to be somewhat less influenced by plant
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community composition. Two-way controls on communities have been shown using
feedback experiments (e.g., Bever 2002), and host plant identity, as well as biome,
have been cited as important in affecting AMF community composition and diversity
(Mummey et al. 2005; Hausmann & Hawkes 2010; van de Voorde et al. 2010; David-
son et al. 2011). Recent advances in the molecular technology required to study AMF
communities in situ have shown that AMF diversity and community structure can
change with differences in soil conditions such as pH, texture, and nutrient levels, and
that fungal communities are sometimes controlled more by environmental character-
istics than by dispersal limitations (Redecker 2006; Opik et al. 2006; Lekberg et al.
2011). Meta-analysis of molecular AMF studies has revealed potential generalists
and specialists within the Glomeromycota (Opik et al. 2010), and Kivlin et al. (2011)
reported that plant community type, soil temperature and moisture were all associ-
ated with changes in AMF community composition. The relative importance of host
versus soil environment, however, is difficult to study in natural systems since plant
and fungal communities both respond to variation in soil conditions; the result is that
we have an incomplete understanding of the relative influences of soil conditions and
host communities as as drivers of AMF community structure and composition.

Geothermal soils in Yellowstone National Park (YNP) are a unique example in
soil formation in that these soils are largely a product of geothermal influences, in-
cluding steam and elevated temperatures, periodic inundation by chemically diverse
geothermal waters, and rapid taphonomy of plant and microbial biomass by mineral-

saturated waters; mineral precipitates are the primary parent materials for many of
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these soils (Channing & Edwards 2004; Rodman et al. 1996). These complex soil for-
mation factors result in a mosaic of highly-variable soil conditions across a relatively
small spatial scale. The heterogenous and depauperate nature of biotic communities
in these thermal systems presents an elegant study system for addressing ecological
questions without some of the confounding influences of distance, atmospheric dif-
ferences and dispersal barriers. Plants living in these soils often exist in conditions
that are far beyond the tolerance limits of most vascular plants (Bunn & Zabinski
2003), resulting in a subset assemblage of thermal-tolerant plants within the larger
context of the Greater Yellowstone Ecosystem. One of these thermal-tolerant plants,
a facultative-thermal, annual forb, is Mimulus guttatus DC., and when M. guttatus
grows in geothermal soils it is often heavily colonized by AMF (Bunn & Zabinski
2003). Mimulus guttatus appears to have a wide tolerance for geothermal soil condi-
tions and shows up in two very different plant community situations in geothermal
soils: as a patch within an existing plant community consisting of grasses and other
forbs, including annual and perennial plants (subsequently referred to as ‘communal’
sites; Fig. 1); and as individual, isolated plants emerging in essentially bare soil with
few or no other plants (subsequently referred to as ‘isolated’ sites; Fig. 2.1). Addi-
tionally, these disparate plant communities often occur within 10m of one another,
offering a unique opportunity to analyze the influence of plant community differences
and edaphic conditions on the soil-microbial community. Vectors for AMF dispersal
have previously been identified in YNP thermal soils by Lekberg et al. (2011), indicat-

ing that dispersal limitations between paired sites are not likely to play a major role
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Figure-2.1. Paired site framework. All paired sites consisted of a communal (left) and
an isolated (right) component. Hypothesized AMF community differences are based
on the discrepancy in carbon supply (central panels) between these two host commu-
nity situations, where communal sites might foster fungal networks throughout the
growing season with some winter support, while isolated plant mycorrhizal support
consists of C from a single plant during a short growing season window.

in structuring these communities. The reason for the difference in plant community
types is not known.

From the perspective of the obligate mycorrhizal fungal community interacting
with M. guttatus, these plant community types present two very different symbiont life
history situations (Fig. 2.1). In the case of AMF colonizing hosts in mixed communi-

ties, host availability comes during the majority of the year from different host-plant
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species, and with some element of winter root support in the case of sites that remain
unfrozen. For those in isolated sites, all host support comes in a relatively short
several month window, the duration of the M. guttatus life cycle, and symbiosis then
shuts down for the remaining majority of the year. Given interspecific differences
in sporulation and spore tolerance to harsh environmental conditions (Klironomos
et al. 2001), the AMF communities in these two situations might differ either due
to taxon-level variation in dispersal limitations (e.g., insufficient sporulation rates for
some taxa to adequately disperse into isolated soils before M. guttatus germination)
or in spore tolerance to storage during the months between host life cycles. AMF
taxa in both host community types experience some degree of harsh, geothermal soil
conditions, though mixed plant host communities are present throughout most of the
year and for the entire regular growing season, and this host community structure
allows for year-round mycorrhizal networks rather than obligatory spore production
and storage. The severe filter exerted by isolated plants existing for only two months
in otherwise bare soil would, on the other hand, likely favor those AMF taxa that
are either prodigious spore producers that are dispersing into isolated sites at some
point before M. guttatus germinates, or are especially tolerant of long-term storage
as spores in geothermal soil conditions. Either way, the communities associated with
these isolated sites are potentially a subset of AMF taxa occurring in communal
plants, or, alternatively, a unique set of AMF that are selected for by conditions im-
posed by an isolated host, or a combination of the two. A substantive difference in
AMF communities between host community types, if sufficiently independent of soil

characteristics, would indicate an inherent link in symbiont community structures
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associated with taxon richness and some predilection among AMF taxa in terms of
association with ephemeral or perennial plant community types.

In the present study, we assess the relative roles of pH and host community struc-
ture as controls on AMF community composition in this model system in geothermal
soils in Yellowstone National Park by contrasting AMF communities in the roots of
M. guttatus living in either communal or isolated plant community types. We hy-
pothesize that: a) isolated M. guttatus will harbor depauperate AMF communities in
comparison with communal M. guttatus, and that b) fungal communities associated

with isolated plants will be distinct from those associated with communal plants.

Materials and Methods

Plant and Soil Collection

Five paired sites were included in this study from Imperial Meadow (M1, M2,
and M3; centered around 44°33'04” N, 110°51'05” W) and the Rabbit Creek (R1 and
R2; 44°30'55" N, 110°49'16” W) drainage in Lower and Midway Geyser Basins, re-
spectively, in Yellowstone National Park (WY, USA). Sites were selected based on
the presence of appropriate adjacent paired patches of M. guttatus. Isolated sites
consisted of either sparse or clumped M. gutattus plants with no other plant taxa
growing within 1m. All of these plants were small relative to optimal growth condi-
tions (< 10cm tall; Dorn 2001), and though mycorrhizal networks could conceivably
extend beyond 1m, the distance to surrounding plants helps to reduce this possibil-

ity. Between 6 and 20 plants were sampled individually from each patch (5 pairs
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of patches), and sample number was determined by the patch size to avoid sampling
more than 20% of the individual plants from each patch. Plants sampled from a given
patch were all with 10m of one another; though M. gutattus density was comparable
between isolated and communal sites, total plant density was inevitably higher in
communal sites. Soil temperature was measured in the rooting zone of each plant,
and whole plants were extracted with 5-10g of rhizosphere soil, transported to the
laboratory within 8 hours, and frozen (-80°C) until being processed.

For processing, individual plants were allowed to thaw at room temperature (=
23°C) for 30 minutes before roots were carefully separated from soil. Soil was oven
dried overnight (60°C) and analyzed for pH (Hendershot et al. 2008, 2:1 water ex-
tract), total C and N (LEKO combustion; Yeomans & Bremner 1991), and texture
(micro-pipette extraction; Miller & Miller 1987). Due to the heavy influence from
adjacent geothermal spring features, pH is considered to be a driving variable in
these soils (Rodman et al. 1996), and is preferentially used during analysis in this
study. The use of pH as a primary variable in ecological analyses of soil microbial
communities is also well established in non-geothermal systems (e.g., Rousk et al.

2010a).

DNA Extraction, PCR

AM fungal colonization rates were estimated for plants from each site (Koske &
Gemma 1989), and washed roots were cut into small segments, with size (=~ 0.5 cm)

based on colonization rates in that more than half of all segments at a given length
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were colonized at least once. Eight root segments were randomly picked per plant for
molecular analysis.

We extracted DNA from root pieces by first denaturing plant and fungal tissues in
80 ul TBE buffer (95°C for 2 minutes) after which root pieces were manually crushed
using sterile micro-pestles. A Chelex 100 suspension (20 ul) was added and samples
were vortexed and placed on ice for 2 minutes before a second denaturation, a final
vortexing, and a final icing. Samples were then centrifuged (8000 rpm for 5 min) to
pellet cell contents, and supernatant was drawn and diluted 50x for use as template
in nested PCR.

The first PCR was conducted with eukaryote specific primers (NDL22-0061)
to target the variable D2 region of the large ribosomal subunit, and the second
PCR utilized the Glomeromycota-specific FLR3-FLR4 primer pair (van Tuinen et al.
1998; Gollotte et al. 2004). Even though this primer combination can amplify non-
Glomeromycotan sequences, and some AMF groups might be missed (Mummey & Ril-
lig 2007), we detected taxa from most major AMF groups and no non-Glomeromycetes.
All PCR was performed using GoTaq Green Master Mix (Promega, Madison, WI,
USA), and with the following thermocycling conditions for PCR-1: 1 minute at 95°C;
30 cycles of 1 minute at 95°C, 1 minute at 53°C, and 1 minute at 72°C adding 4 sec-
onds to the elongation step for each cycle; followed by a final elongation of 5 minutes
at 72°C. The PCR-2 program was the same but with an annealing temperature of
56°C and only 25 cycles without the stepped elongation times. All PCR was per-

formed with 50ul volume, including 2ul 50x diluted DNA extract or 50x diluted
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PCR-1 product, for PCR-1 and PCR-2, respectively. This sequencing approach, in-
cluding small-root-segment PCR coupled with direct sequencing, was used to avoid
cloning and to attempt to capture single colonizations. The trade-off associated with
direct sequencing is that more root segments can be analyzed with less effort and cost
compared to cloning and sequencing, though mixed sequences are lost. Using this ap-
proach, approximately half of all root segments are expected to result in positive PCR
products. Additionally, the majority of these positive products are expected to re-
turn singular AMF sequences. The first indication of multiple AMF sequences in the
same PCR product is the appearance of multiple bands on agarose gel, though some
combinations of AMF taxa produce segments that are nearly equal length. Thus
PCR products were visualized using electrophoresis on agarose gel, and products
showing single bands were cleaned using the QIAquick PCR Purification Kit (Qia-
gen, Chatsworth, CA, USA) and submitted for direct sequencing at the Idaho State
University Molecular Research Core Facility (www.isu.edu/bios/MRCF). Some PCR
products, even those with apparently singular bands on agarose gel, were composed

of multiple sequences, and these were filtered out upon sequence trace visualization.

Phylogeny

All sequence traces were manually screened using FinchTV version 1.4.0 for Mac
(www.geospiza.com), and sequences showing signs of contamination, indicating mixed
colonizations, were discarded. All screened sequences were queried using BLAST
(Altschul et al. 1990). Operational taxonomic units (OTUs) were designated by clus-

tering at 97.5% sequence similarity based on a neighbor joining tree; representative
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sequences from each taxon cluster were used in final alignment and phylogenetic recon-
struction. Though 97% similarity effectively separated most OTUs, a bimodal clade
within Glomus A was resolved at 97.5%, and this had identical results for all other
OTUs. Since our rDNA dataset was relatively small, and since known difficulties in
assigning AMF OTUs based on sequence similarities occur with all candidate primer
sets, we felt that manual clustering and assessment of an effective similarity cutoff
was a more conservative approach to OTU selection than the use of automated clus-
tering algorithms and a hard similarity cutoff. This also preserves potentially novel
OTUs, since AMF in YNP thermal have not been extensively studied. Close Gen-
Bank sequences, as well as INVAM and BEG isolates, were included with each OTU
representative to better distinguish clades. Sequences were aligned with ClustalW
in Mega 5.0 for Mac (www.megasoftware.net), and maximum likelihood model tests
were performed using PhyML (PhyML 3.2 for Linux; Guidon et al. 2010; Paradis et al.
2004) in R (version 2.11.1 for Linux; R Development Core Team 2010) with the ape
package (Paradis et al. 2004). Bayesian inference phylogenetic trees were produced
using BEAST (http://beast.bio.ed.ac.uk) for Linux and phylogenetic tree images were
produced in R using ape. Trees were run under a general time-relaxed model with a
5-parameter I' site distribution and with some sites assumed as invariant (G+I'+I)
based on PhyML results (AIC = 15928). Trees were run for 107 iterations, saving
every thousandth result, and compiling after a 20% ‘burn in.” Tentative OTU names
were assigned based on newly proposed AMF phylogeny (Schiiller & Walker 2010;

Kriiger et al. 2011). Partial rRNA sequences from these samples were deposited in
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GenBank under accession numbers JN836499, JN836501-9, and JN836511-28 (Table

3; Supplemental table in accepted manuscript).

Statistical Analysis

Relative abundance data were calculated for each fungal taxon in each site by
combining presence in plants and applying a sample total standardization (Equations
1 & 2 in Appendix A); sample total standardized data were used for all analyses other
than initial rarefaction. All statistical analyses were done in R. Network visualizations
were performed using the bipartite package (Dormann et al. 2008), and individual
sites were summarized with a-diversity metrics (richness, Shannon-Wiener diversity,
and Shannon-Wiener evenness). Tests of these indices were performed as Kruskal-
Wallis rank-sum tests. We tested for a bias in sampling effort by comparing the
total number of sequences per site, the number of plants that returned clean AMF
sequences per site, and the average numbers of sequences per plant for each site,
all with two-sample t-tests. We also created species accumulation curves for each
community type using the ‘rarefaction” method implemented in the vegan package
(Oksanen et al. 2011).

Raup-Crick probabilistic dissimilarity values were computed for multivariate anal-
yses as instituted in the the vegan package (Raup & Crick 1979; Chase et al. 2011).
Agglomerative hierarchical clustering was conducted using the flexible-3 approach (3
= -0.25) to cluster sites by community similarity. Silhouette and heat plots were

created with the optpart package (Roberts 2010c) to assess goodness-of-clustering
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for each solution. Analysis of similarities (ANOSIM), to assess significance of cluster-
ing solutions, was performed with the vegan package. Four clustering solutions were
tested with agglomerative hierarchical clustering, and these correspond to Fig. 2.6:
a) community type; b) bimodal pH, with M2c in the high-pH cluster; ¢) balanced
ranked pH, exchanging M2c and M1i; and d) unbalanced ranked pH, including M3i
in the low pH cluster. The latter three clustering solutions (b, ¢, & d) represent three

different views of 2-cluster solutions based on pH rather than community type.

Results

Soil Analysis

All soil physical and chemical characteristics measured, with the exception of soil
temperature, were predictably correlated with pH (Pearsons correlation coefficient r
= 0.72, 0.64 & 0.57; for pH compared to total N, total C, and clay, respectively)
and none were distributed as evenly as pH (Tables 2.1 & 2.2). While temperature
has previously been explored as a primary driver of plant and fungal communities
in YNP thermal soils and has been noted to fluctuate during growing seasons (Bunn
& Zabinski 2003; Bunn et al. 2009), soils used in this study had a relatively narrow
range of average temperature, from 24.2°C to 29.8°C. This narrow range, and the
fact that we collected soil temperature data at only a single time point, did not allow
the complete investigation of temperature as a primary gradient of interest in driving
AMF community patterns in this study. There was also no difference in average soil

temperature between the two community types (t = -0.62, P=value = 0.56; from a
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two-sample t-test). Isolated plant communities were all found growing in high-pH
soils (mean = 8.97) with low percentages of total C and N (mean = 1.17% & 0.16%,
respectively), while plants growing in communal sites were generally in more neutral
to slightly acidic soils with a single notable exception. Though pH is quite different
between plant community types (P = 0.015; Table 2.1), one communal site, M2c, has
a high mean pH (pH = 9.0) that is more consistent with isolated sites in this study,

and its other measured soil characteristics follow suit.

Molecular Identification and Phylogeny

DNA was extracted from 1,128 root segments for PCR, and, by design, approx-
imately half of all root segments showed positive PCR products on agarose gel, of
which 478 showed singular bands and were submitted for sequencing. After manu-
ally quality-filtering for mixed sequences and putative chimeras, 228 sequences were
used for final analysis. These were individually searched using BLAST and assigned
tentative taxonomic identifiers based on nearest BLAST result or known INVAM or
BEG isolate. Pairwise alignments and phylogenetic construction with sequences from
known isolates resulted in twenty-eight OTUs in eight genera. Posterior support for
every genera-level clade is 1.0, while similarly high support is consistent throughout
most major phylogenetic groupings (Fig. 2.3). We also found no difference between
isolated and communal sites in the number of plants returning AMF sequences (t =
-1.23, P-value = 0.26; from a two-sample t-test), but communal plants did harbor
more OTUs per plant (1.69 & 1.27 OTUs per communal and isolated plant, respec-

tively; t = -2.38, P = 0.056; from a two-sample t-test of average OTUs per plant
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in each site). Isolated plants, returned an average of 0.52 more clean sequences per
plant than communal plants (mean sequences per plant = 2.63 & 2.11, for isolated
and communal plants, respectively; t = 1.96, P-value = 0.09; from a two-sample t-
test), and an average of 14 more clean sequences were found per site in isolated sites
as a result (29.8 and 15.8 sequences per site for isolated and communal sites, respec-
tively; t = 2.04, P = 0.09; from a two-sample t-test). These tests together indicate an
approximately even sampling effort across community types in terms of the number
of plants sampled, but the large difference in the number of sequences returned per
site is perhaps an indication of the larger number of mixed colonizations in commu-
nal plants that were discarded (Fig. 2.2a & b). More sequences per plant and per
site could potentially bias richness and diversity toward isolated plants, but this was
certainly not the case in the present study, as communal plants were far more OTU
rich and diverse. It is also likely, given the number of singletons detected in com-
munal plants, that this sequencing approach resulted in an underestimate of OTU
richness in communal plants, as indicated by the steep terminus of the communal

species accumulation curve (Fig. 2.2¢).
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Figure 2.2. Sampling Effort Assessment. a) Boxes show the distribution of sequences
returned by individual plants within each site; and b) the distribution of OTUs de-
tected per plant (n = number of plants per site; N = number of clean sequences per
site). We found no difference between isolated and communal sites in the number of
plants returning AMF sequences (t = -1.23, P-value = 0.26; from a two-sample t-test
of n), but communal plants did reveal more OTUs per plant (1.69 & 1.27 OTUs per
communal and isolated plant, respectively; t = -2.38, P = 0.056; from a two-sample
t-test of average OTUs per plant in each site). Isolated plants returned an average
of 0.52 more clean sequences per plant than communal plants (mean sequences per
plant = 2.63 & 2.11, for isolated and communal plants, respectively; t = 1.955, P-
value = 0.088; from a two-sample t-test), and an average of 14 more clean sequences
were found per site in isolated sites as a result (29.8 and 15.8 sequences per site for
isolated and communal sites, respectively; t = 2.04, P = 0.09; from a two-sample
t-test on V). c¢) Species accumulation curves for isolated (white confidence interval)
and communal (gray confidence interval) plants show that the sampling effort likely
captured only a subset of AMF OTUs from communal sites, but that most isolated
AMF OTUs were detected.
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Table 2.2. Mean Soil Parameter Values (cont.) Values represent averages of mea-
surements (£ SE) from rooting-zone soil under individual plants within communal or

isolated sites.
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Community

Site Type % Sand' % Silt % Clay'

M1 isolated 84.38 (£0.84) 14.50 (£0.76) 1.12 (40.23)
M2 isolated  89.50 (£0.54) 10.50 (£0.54) 0.07 (£0.07)
M3 isolated 74.60 (£1.78) 22.60 (+1.36) 2.60 (40.68)
R1 isolated 76.45 (£1.40) 22.82 (+1.20) 0.73 (£0.27)
R2 isolated 78.72 (£0.63) 20.22 (£0.57) 1.22 (£0.10)
MI communal 8157 (£1.67) 16.86 (£1.32) 157 (£0.37)
M2  communal 84.00 (£2.35) 15.75 (£2.53) 0.50 (£0.29)
M3  communal 65.55 (£0.87) 31.45 (+£1.05) 3.18 (£0.31)
R1  communal 58.00 (£2.04) 39.12 (£1.92) 2.88 (£0.52)
R2  communal 53.67 (£1.92) 36.20 (£1.32) 10.53 (£0.95)

TMiller & Miller (1987)
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Figure 2.3. Bayesian Inference Phylogeny. AMF taxa used in these analyses are
bold and with points at branch tips indicating plant community affiliation; black
were found only in communal sites, white were found only in isolated sites, and gray
were found in both community types. Clade bars indicate genera sensu Schiifller
and Walker (2010) and Kriiger et al. (2011). Names assigned during this study fol-
low this convention, while isolates used for alignment retain names given in NCBI
database. Node support values are posterior probabilities resulting from 107 iter-
ations, saving every thousandth result, and compiling after a 20% ‘burn in’. An
ascomycete (Mortierella polycephala; NCBI accession number AF113464) was used
as an out-group and is not shown.
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Diversity and Community Composition

Of the AMF taxa found, eighteen taxa were found only in communal sites and
seven only in isolated sites, while just three taxa were found in both site types, includ-
ing Rhizophagus intraradices and Funneliformis mosseae, (synonymous with Glomus
intraradices and Glomus mosseae, respectively; Schiiller & Walker 2010; Kriiger et al.
2011). Bipartite network visualization of the dataset (Fig. 2.4) reveals a striking pat-
tern of diversity differences between communal and isolated sites, regardless of their
spatial proximity in the study area. Sites and fungal OTUs (boxes along the top
and bottom, respectively, of Fig. 2.4) are ordered using a CCA-based x? algorithm to
reduce the number of interaction cross-overs, and is thus an indication of underlying
relationships. Isolated sites appear to be dominated by only a single or two fungal
OTUs (represented by the number and relative width of connections in Fig. 2.4),
while communal sites show little sign of domination by any one OTU but rather a
more even and diverse fungal community. Kruskal-Wallis rank-sum tests of taxon
richness, Shannon-Wiener diversity, and Shannon-Wiener evenness all conclusively
illustrate these differences (Fig. 2.5; Supplemental figure in accepted manuscript).
Taxon richness in communal sites is twice as high as that in isolated sites, with 3.8
more fungal taxa in communal sites (x? = 7.45, P = 0.006), and Shannon-Wiener
diversity and evenness are 1.9 and 1.2 times higher, respectively, in communal than in
isolated sites (x? = 6.82, P = 0.009 for diversity & x* = 5.77, P = 0.016 for evenness).
It is notable here that the single uncharacteristically high-pH communal site (M2c)
has diversity indices that are all consistent with other communal sites rather than

with comparably high-pH isolated sites (Fig. 2.4).



40

Isolated Both

M2i R1i M3i R2i M1i

\

“

|

T e Py - = prgngisngnnfn iy

N ON®O —N W © < [5e] OOT «— OO O NN I~ ™ N~ <t 0ONO
o ~AN— O« O o ~— o ANN — NN~ O ONAN O ~— ~ o OO—N
v LV VWL W Yol 1ol [Tod DD IV VLW B VDLW W 1o} v 0B VTV
© QOO OO © «© «© © OO © ©O© © OO © © © © OOV
™ DOMOONO®M O (323 (323 (32 DM M MOM O OOM M (%] ™ M OMOMM
@« 0O OO KO @« «© o] 000000 00 VW 0 VOO © © [ee} O 000
Z ZZZzzZZ Z =z =z =z Z2ZZ2 Z2 Z2Z2Z2 ZZZ Z =z =z Zz ZZZZ
S 3533533 3 = S 3 353333333333 3 3 335555
~ AN~ YN S - < < AN N O v« w0 N [©2) e © WOVM—M
T ZIE8S £ b= 5 & WEZOoc-wmx 9Oxe € £ € %goc
g 88 lr 4 o ¢ Oxx® fOL<oOX ¥ X 2207

Figure 2.4. Full bipartite network visualization of all sites in the study. Boxes above
are sites composed of all plants sampled from that site. Boxes below are individual
AMF OTUs. Interaction width is proportional to relative abundance of fungal OTUs
found at each site after sample total standardization (Supplemental equations 1 & 2).
White sites were isolated, black sites were communal. White OTUs were found only
in isolated sites, black were found only in communal sites, and gray were found in
both site types. The order of sites and OTUs in the graphic is a result of a CCA-based
x? algorithm that minimizes the number of interaction cross-overs.
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Cluster and Discriminant Analysis

Two different clustering approaches were employed for comparison: one relying on
community dissimilarity data using the Raup-Crick probabilistic metric, and another
on environmental data. The first strategy resulted in clustering consistent with plant
community type (Fig. 2.6a), but when pH was used instead, clusters were created
with plant community types mixed in two-cluster solutions. The community-type-
based clustering solution was tested against three other possible combinations of pH-
based two-cluster solutions with analysis of similarities (ANOSIM), and while all four
models are supported to some extent, the community-type solution showed the lowest
P-value (P = 0.009), though the R-statistic is perhaps more telling (Fig. 2.6). The
R-statistic from ANOSIM is based on the difference of mean ranks between groups
and within groups, and ranges from -1 to 1, with 0 indicating completely random
grouping and positive values indicating systematic grouping (Legendre & Legendre
1998). The amount of variation explained by the clustering solutions is highest for the

community-based solution, though all pH-based solutions return positive R-statistics.
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Figure 2.6. Comparison of Clustering Solutions. Trees represent clustering solutions
based on: a) plant community type; b) bimodal pH; c) balanced ranked pH; and d)
unbalanced ranked pH. Clade bars on trees represent community type homogeneity
within each cluster; green are communal sites, orange are isolated sites, and blue
include both community types. Silhouette plots (second column) represent within-
group goodness-of-clustering from Raup-Crick dissimilarity. ‘Set-to-Set’ heat plots
indicate goodness-of-clustering across clusters, with white representing the highest
degree of similarity and red representing the highest degree of dissimilarity. P-values
are from Analysis of Similarities (999 permutations); R-statistic represents variance
of dissimilarity explained by the clustering solution, with possible values from -1 to
1, where 0 equals random assignment and 1 equals systematic grouping.
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Discussion

Symbiotic organisms are limited not only by their own environmental tolerances,
but also by the environmental tolerances of their potential symbionts, and this is
especially true of plants and their obligately biotrophic AMF colonizers. Given the
complexities of these relationships, the relative importance of either factor on the
assembly of symbiotic communities is poorly understood. Our objective in this study
was to elucidate drivers of AMF community composition and structure to assess a
structural link between symbiont communities, and thus to assign relative influence
to these drivers. Because the traits of plant and fungal communities tend to be driven
by some of the same soil conditions, disentanglement of the relative influences from
soil and ecological interactions becomes intractable. Thus studies attempting to eluci-
date drivers of AMF community composition often focus on either of the two drivers:
edaphic factors irrespective of plant community compositional properties (Lekberg
et al. 2011; Schechter & Bruns 2008), and across an edaphic gradient where plant
communities are constant (Wu et al. 2007); or conversely as a factor of plant com-
munity compositional (van de Voorde et al. 2010) and structural differences (Borstler
et al. 2006) across relatively constant edaphic conditions. Missing from this litera-
ture is an wn situ comparison of the relative influences of soil and host community
structure on AMF communities. The current study was an attempt to address this
problem; the differences we observed in AMF communities were better predicted by

host community type than by soil pH. Isolated plant communities used in this study
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were all found in high-pH soils, while only a single communal site (M2c) fit this de-
scription, and all other communal sites were found in near-neutral pH; thus these two
predictors are, unfortunately, nearly completely confounded. Although limited to a
single site, and therefore insufficient for robust conclusions, the overlap between pH
and plant community types in the high pH communal site provides an opportunity
to compare the relative influences of soil and plant community structure on AMF
community composition.

We hypothesized that AMF communities existing in the roots of communal M.
guttatus would be distinct from isolated communities such that a more rich and
diverse AMF community would be found compared to the relatively depauperate
AMF community living in isolated plant roots. The most striking example of such
a difference in AMF community composition and structure can be seen in Fig. 2.4.
While taxon richness is clearly a factor in distinguishing community types, dominance
by one or two fungal OTUs in isolated sites is perhaps more salient for identifying
fungal community structural differences between isolated and communal sites. This
characteristically even distribution was also observed in the lone communal site with
more harsh soil characteristics (M2c), an indication that effects of host vegetation
type on fungal communities are more important than the influence of pH. Though the
overlap in pH between isolated and communal sites was limited to a single example,
this site sheds light on a larger pattern of AMF community assembly; these findings
are consistent with van de Voorde et al. (2010), who showed experimentally that plant
community assembly history can have a major influence on symbiotic communities

living in the roots of those plant communities.
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Additionally, we found surprisingly little overlap between fungal communities in
these contrasting host situations. In fact, only three of the twenty-eight fungal taxa
were found in both plant community types, while seven taxa were found only in iso-
lated sites and eighteen were found only in communal sites, even though paired sites
are adjacent and assumed to have few barriers to AMF dispersal. Our findings can
likely be attributed, at least in part, to island effects since AMF are not neutral in
their dispersal abilities, though this sheds light on the autecological differences be-
tween AMF taxa, especially given the low degree of OTU overlap between community
types (3 OTUs), relative to OTUs found multiple times in only one community type
(10 OTUs). One of the three fungal taxa found in both community types, Rhizoph-
agus intraradices (Rhi 1), was found primarily in isolated sites and made only rare
appearances in communal sites, indicating that this taxon is either well suited to high-
pH soil conditions or most successful in short-lived plant communities where dispersal
and aggressive colonization are favored. Given that this taxon is found world-wide
in highly variable soil conditions (Rosendahl et al. 2009; Opik et al. 2010), the latter
seems more apt, and the fact that Rhizophagus intraradices was differentially dom-
inant in the two community types might indicate a more conserved ‘niche’ for this
taxon than is often assumed. The other two of the three shared taxa show no par-
ticular affinity for either community type, and one of these, Funneliformis mosseae
(Fun 4), was among the most commonly detected fungal taxa in this study. This
seems to contradict the idea that isolated AMF communities would be a subset of the
surrounding communal assemblages, but rather lends credence to the hypothesis that

AMF taxa that show up in isolated plants are particularly suited to these conditions,
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seemingly more so than to life in communal sites where competition among other
colonizing AMF might play a bigger role, though some common taxa might be able
to establish in either situation.

Since this study was designed around detecting differences in AMF community
composition as a function of host community type, a major hurdle was the separation
of soil characteristics, which likely play a major role in structuring these thermal
plant communities, from the effects of the plant community structure itself. Host
community type was only reasonably broken into two clusters, and thus we presented
a comparison of the community-based clustering solution with three different options
for clustering based on ranked pH. While all three pH-based clustering solutions
resulted in positive R-values, indicating that communities were clustered by pH better
than expected by random assignment, even the most significant pH-based clustering
solutions (Fig. 2.6b; R = 0.556; P = 0.015) accounted for substantially less of the
variation explained by the community-based solution (R = 0.728; P = 0.009), which
was the most indicative of fungal community clustering. Clearly these results cannot
be interpreted to infer that pH has no effect on AMF communities since all four
models do show some degree of support. In fact, ANOSIM tests of all three pH-
based clustering solutions resulted in P-values that were low; the R-statistic provides
a better interpretation of the goodness-of-clustering, and both measures (R-statistic
and the resulting P-value) indicate that host vegetation type plays a role in structuring
AMF communities, and in this case, was more closely associated with variation in

AMF communities than was pH.



48

In addition to the modest soil condition overlap, the scope of our study was also
limited by our use of only a single plant species at a given point in time, which was
inherent in our study design; our choice of M. guttatus was based on its ephemeral
life history strategy and its appearance in completely isolated thermal soils near
simultaneously emerging communal patches. Given that this study only explored
the mycorrhizal community associated with a single plant species, more information
will certainly be gained as more plant taxa are investigated for similar community
structure links. Use of a single plant species helped to reduce the possibility that
the differences in fungal community composition were simply due to potential M.
guttatus specificity issues. Since geothermal soils can be subject to seasonal and
diurnal variation in environmental conditions, it is important to note that our study
represents only a snapshot of conditions encountered during the flowering period of
M. guttatus. Differences in AMF community structure and composition are likely
attributable to some combination of three factors discussed thus far: 1) long term
spore-storage in harsh soil conditions limiting the establishment of some AMF taxa
in isolated plant roots; 2) short isolated growing season limiting the accumulation
of AMF taxa in isolated plant roots; or 3) host specificity issues associated with
surrounding plant taxa in communal sites. This study was not designed to disentangle
these three potential contributions to fungal community characteristics, but rather to
detect a community-structure link between host and fungal communities.

By comparing the relative strengths of associations between AMF community and
either soil-chemical characteristics or plant community traits, we found host commu-

nity structure was more predictive of the observed differences in AMF community
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structure than was pH, and that AMF communities in isolated plant patches were
less species-rich, less even, and less diverse. While this is consistent with our first
hypothesis, a competing pH-based model was also supported, and a more robust con-
clusion will rely on more overlap in soil conditions and more host species than just
one.

This study adds to the growing body of evidence that plant communities exert
some control over their associated AMF communities, and that AMF taxa are not
neutral in their appearance in ecological communities. Our results also illustrate a
potential link in symbiont community structure that might help soil ecologists under-
stand AMF communities and their assembly patterns in both natural and managed

systems.
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CHAPTER 3.

SPATIAL HETEROGENEITY OF EUKARYOTIC MICROBIAL COMMUNITIES
IN AN UNSTUDIED GEOTHERMAL DIATOMACEOUS BIOLOGICAL SOIL

CRUST: YELLOWSTONE NATIONAL PARK, WY, USA

Abstract

Knowledge of microbial communities and their inherent heterogeneity has dramat-
ically increased with the widespread use of high-throughput sequencing technologies,
and we are learning more about the ecological processes that structure microbial
communities across a wide range of environments, as well as the relative scales of
importance for describing bacterial communities in natural systems. Little work has
been done to assess fine-scale eukaryotic microbial heterogeneity in soils. Here, we
present findings from a bar-coded amplicon (18S rRNA) survey of the eukaryotic mi-
crobial communities in a previously unstudied geothermal diatomaceous biological soil
crust in Yellowstone National Park, WY, USA, in which we explicitly compare micro-
bial community heterogeneity at the aggregate-scale within soil cores. Multivariate
analysis of community composition showed that while subsamples from within the
same soil core clustered together, community differences between aggregates in the
same core was unexpectedly high. This study describes an unstudied soil microbial
environment and also adds to our growing understanding of microbial heterogeneity,

and the scales relevant to the study of soil microbial communities.
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Introduction

Soils hold an immense diversity of prokaryotic and eukaryotic microorganisms;
these microbial communities affect processes from the molecular to the ecosystem
scale (Sylvia et al. 2004). The substantial physiochemical heterogeneity of the soil
habitat contributes to their biodiversity (Fierer & Lennon 2011), and soils are among
the most taxon-rich of any microbial habitat (Madigan et al. 2008). Attempts at
understanding the drivers of microbial community composition have met with mixed
success, though one unifying pattern observed in microbial communities of soil and
other complex environments is that these communities are structured along pH gra-
dients (Lauber et al. 2009; Rousk et al. 2010b; Fierer et al. 2009b). The inherent
complexity of these communities is one of the most difficult aspects of environmental
microbial ecology, and this has become increasingly more analytically manageable
as high-throughput DNA sequencing technologies have emerged (Lauber et al. 2009;
Sogin et al. 2006; Roesch et al. 2007). These technologies have mitigated some of the
problems associated with culture-dependent techniques, since environmental DNA
can be extracted and sequenced from microorganisms regardless of their autecology.
This has resulted in the rapid production of massive community datasets, allowing for
complex ecological analysis of microbial data from hundreds, or thousands, of sam-
ples, which was not feasible prior to high-throughput sequencing. The study of soil
microbial communities has been particularly helped in this regard, given the relatively
small spatial scale containing a wide array of functions, and thus the opportunity to

study complex interactions on a fine scale.
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Ecological questions regarding soil microbial communities can be more easily ad-
dressed in extreme environments, where harsh environmental conditions impose strict
habitat filters on resident communities (de Bruijn 2011). Arid soils, arctic ice, and
geothermal features have been helpful in attempting to elucidate some of the drivers
of microbial speciation, population dynamics, and community composition and struc-
ture (Hollister et al. 2010; Miller et al. 2009; Becraft et al. 2011; Yergeau et al. 2011).

Biological soil crusts (BSC) have been proposed as model systems for studying
ecological principles in microbial communities since their biologically-driven func-
tional attributes are well-studied compared to other soil systems, and since their
communities are often functionally diverse in such a way as to be relatively indepen-
dent of vegetation influences (Bowker et al. 2009). BSCs are well known for their
pivotal role in arid soil ecology, and have been documented and studied in arid soils
around the world. Major features of BSCs include anhydrobiotic microbial growth
and exudative carbon sheath formation, N-fixing cyanobacteria, heterotrophic mi-
croorganisms, and lichenous growth in more well-developed BSCs. Although diatoms
and other free-living eukaryotic algae do occur as BSC constituents in arid soils, both
groups are subject to environmental restraints, especially desiccation, that limit their
occurrence in BSC microbial communities (Belnap & Lange 2003).

In the present study, we analyzed community composition of eukaryotic mi-
crobes in a previously unreported and unstudied diatomaceous biological soil crust
in geothermal-influenced soils in Yellowstone National Park, WY, USA. This unique
BSC system occurs as the result of a combination of factors: 1) periodic inunda-

tion with alkaline-siliceous geothermal water and subsurface geothermal influence; 2)
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harsh soil-chemical conditions that limit plant growth and coverage, and thus expose
the soil surface to full solar radiation; and 3) rapid accumulation of diatomaceous
residuum acting as soil parent material. The primary source of geothermal water
in this site, and thus arguably the primary soil formation factor in shaping these
geothermal soils, is a single alkaline siliceous spring (YNP Thermal Inventory ID
LFMNNO020; Fig. 3.1). From the source pool until water exits the system and flows
into a larger stream, approximately 200m downstream from the source, water pH re-
mains near 10, and Si concentration far exceeds concentration thresholds required to
allow for diatom dominance in aquatic environments (Egge & Aksnes 1992). Though
several other important elements are in relatively high concentrations (such as Na,
B, As and Cl), N and P concentrations in water are very low throughout the site
(Tables 3.1 & 3.2).

The study site can be logically broken into three distinct parts, each approxi-
mately lha in size: 1) Surrounding the pool is a coarse, unconsolidated soil subse-
quently referred to as “sinter” (Fig. 3.2a). This white, siliceous soil material has been
described in similar geothermal systems, and is composed primarily of amorphous
opaline silica and taphonized microbial biomass (Channing & Edwards 2004). Soil
particles mostly range from silt sized to coarse fragments, averaging between 2-3mm
diameter. This sinter area receives periodic inundation of geothermal waters, but
the surface ~lcm remains dry throughout the summer months. 2) A wet meadow
collects water from the spring, after flowing through shallow cyanobacterial mat sys-
tems. The wet meadow is colonized exclusively by a single vascular plant species,

Triglochin maritimus. This wet meadow area appears to be the site of most diatom
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Figure 3.1. Source Geothermal Spring (YNP Thermal Inventory ID LFMNNO020).
Geothermal water flows from this source spring (55°C; <1 m? second™') into an
open wet meadow, the apparent site of most diatomaceous growth and accumulation.
Infrequent inundation events have also been recorded that flood the area in geothermal
water.
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Figure 3.2. Diatomaceous geothermal soils: (a) Sinter particles (disturbed) with white
on the surface above orange and green photic zones (scale bar = lem); (b) Fibrous,
dense diatomaceous soil crust (scale bar = 3cm). This is the general appearance of
crust samples; (c) Vertical photic layering (scale bar = lcm). This striation was ob-
served in similar appearance in both sinter and crust soils, across the study area; (d)
Differential interference contrast (DIC) micrograph of crust soil material (20x; scale
bar = 40um). Throughout the study area, the majority of soil particles are com-
prised of diatom frustules and their fragments; (e) Field emission scanning electron
micrograph (FE-SEM) of diatomaceous soil material from crust samples (scale bar =
15um).
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accumulation. Results from the wetland are not presented here. 3) The third part
of this system is a unique and visually striking upland crusted soil system. This
soil, subsequently referred to as “crust,” is a remnant that was once under a wet
meadow, but as these diatomaceous soils develop very rapidly, it is now above the
direct influence of the flowing geothermal water. The pronounced surface texture in
this crusted soil appears to be the product of a combination of seasonal swelling with
microbial biomass and exudates, and heterogeneous erosion of the dense, fibrous rem-
nant wetland diatomaceous accumulation (Fig. 3.2b). There is a conspicuous vertical
coloration gradient of microbial communities in the top few centimeters of both soil
types, with orange in the top active zone, green in the middle, and gray below the
photic zone (Fig. 3.2¢).

Microscopy of these soils indicates that the majority of silt- to fine-sand-sized
particles are diatom frustules, either complete or fragmented; the remaining portion
is amorphous opaline silica and taphonized biomass (Channing & Edwards 2004; Kyle
& Schroeder 2007) (Figs. 3.2d & e). Live diatoms have been observed throughout
the site, though the majority of diatomaceous residuum is composed of non-living
frustules. The diatom community is morphologically dominated by Denticula spp.
and Rhopalodia spp. (E. Thomas, personal communication).

This soil development sequence presents a unique opportunity to study the differ-
entiation of eukaryotic microbial assemblages across multiple spatial scales and with-
out dispersal limitations that might affect community structure, as previous work
has shown bison to be dispersal vectors in these thermal soils (Lekberg et al. 2011).

These two soils, the sinter and crust, are subsequently referred to as “soil types.”
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Vertical coloration is also exhibited in both soil types and is generalized as surface
(top), photic subsurface (mid), and subphotic (deep) samples in each soil type.

The objective of this study was to compare microbial community compositions
across several spatial scales relevant to soil microbial ecology, from the particle or ag-
gregate level up to the soil type scale. Specifically we addressed three hypotheses: 1)
eukaryotic microbial communities are more similar within individual samples on the
single aggregate scale than they are across the site or along a photic depth gradient;
2) eukaryotic microbial communities differ significantly along a vertical photic gradi-
ent; and 3) eukaryotic microbial communities differ significantly between soil types
(i.e., sinter vs. crust). The latter two hypotheses were also applied to the diatom

communities.

Experimental Procedures

Sample Collection and DNA Extraction.

All soil samples were taken from Imperial Meadow (centered around 44°33'04”
N, 110°51°05” W) in the Lower Geyser Basin, Yellowstone National Park, WY, USA.
The spring at the center of this study system is classified as an alkaline siliceous
geothermal pool (see Tables 3.1 & 3.2 for chemical description; Rowe et al. 1973). To
characterize the chemical properties of thermal water from the spring, we measured
water temperature and pH in the field with an Accumet AP63 portable water analyzer,
and filter-sterilized water samples to 0.2um, which were refrigerated until analyzed

for chemistry. Total dissolved organic C (DOC), total N (TN) were measured using a
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Shimadzu TOC-VCHS analyzer. Trace elements and dissolved anions were measured
using inductively coupled plasma optical emission spectrometry (ICP-OES) on an
Optima 5300 DV and ion chromatography (IC) on a Metrohm-Peak compact ion
chromatograph, respectively.

All samples used in this study were taken in October, 2010. Three individual
sinter particles (= 3 mm diameter) were sampled from each of the representative
photic depths using sterile forceps. All sinter particles were sampled from within 10m
of one another, with one replicate set containing a particle from each photic depth
taken from within a 1m area. Mid-depth sinter samples also consist of an extra set of
mid-depth samples, since sinter particles were more ambiguous in orange versus green
coloration (Fig. 3.2b). These were preliminarily tested for community differences, and
were subsequently lumped into one mid-depth group for final analysis. Crust samples
were taken from three different locations within the upland crusted soils, each within
10m of another and approximately 100m from sinter sampling locations. Crust soils
were sampled with a sterilized soil core (=~ 2 cm diameter), and were sampled to 5
cm depth. All samples were frozen on dry ice, on site, and archived at -80°C until
DNA extraction.

Crust soil cores were cut along conspicuously colored photic boundaries with a
sterile scalpel. Edges of the photic slices that touched the soil corer, as well as
transition regions between conspicuous colors were removed so as to reduce cross-
contamination from adjacent photic levels. These photic slices (=~ 0.3 cm thick by

lem wide) were cut into three equal pieces for subsampling. All subsampling was
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performed in a sterile hood. Whole genomic DNA was extracted from each sin-
ter particle and crust subsample using the FastDNA Spin Kit for Soil from MPBio
(www.mpbio.com) following manufacturer’s instructions, with an additional ethanol

precipitation step.

Bar-coded Pyrosequencing.

A portion of the 18S small-subunit ribosomal gene was amplified using the F-907
primer (Troedsson et al. 2008) containing a 10-bp bar-code sequence with a Roche 454-
A pyrosequencing adapter (Titanium Lib-L adapters), and the R-1428 primer with a
Roche 454-B adapter. Unique bar-code sequences were used to distinguish between
all samples and subsamples. PCRs were conducted with 10uM of each forward and
reverse primer, 3ul template DNA| 22ul GoTaq Green Master Mix (Promega, Madi-
son, WI, USA), and an additional 1ul BSA. PCR was conducted with the following
thermocycler conditions: 5 minute denaturation at 95°C; 30 cycles of 30 seconds at
95°C, 30 seconds at 45°C, and 1 minute at 72°C; and an additional 5 minute anneal-
ing step at 72°C. Each sample and subsample was amplified in triplicate, pooled and
cleaned using a QIAquick PCR Purification Kit (Qiagen, Chatsworth, CA, USA).
Equal concentrations of cleaned PCR product were combined and sent to the Center
for Integrated BioSystems at Utah State University to be run on a Roche FLX Ti 454
pyrosequencing machine (www.biosystems.usu.edu). Raw 454 data files have been
submitted to NCBI SRA (SRP010732.3) and bar-code mapping files are included in

supplemental information as tab-delimited text files.


www.biosystems.usu.edu
www.mpbio.com
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Sequence Processing.

All sequence processing was performed using QIIME (Caporaso et al. 2010b).
Quality-filtered sequences were clustered at the 97% similarity level against a repre-
sentative SILVA 18S database (Pruesse et al. 2007) designed specifically to be used
with the QIIME pipeline. Taxonomy was also assigned to representative sequences
from each cluster using the SILVA taxonomic classifications, and taxa that were
represented by fewer than 10 high-quality sequences were removed from analysis. Se-
quences were then assigned to samples using their unique 10-bp bar-codes. Sequences
were also culled from the phyla Chordata and Streptophyta, to reduce the number
of non-microbial eukaryotes; the only Streptophytes detected in the study were from
T. maritimus. Non-chordate metazoan sequences were retained. Twelve crust sub-
samples were removed from analysis due to low sequence numbers or dominance by
sequences from T. maritimus. After trimming, the subsample dataset was rarefied
to 533 sequences per subsample before proceeding with [S-diversity analysis. The
combined sample dataset was rarefied to 850 sequences per sample. An additional
combined dataset included only diatoms and was constructed by selecting only OTUs
which included the taxonomic distinction “Bacillariophyta.” It is worth noting that
since we used a SILVA database to cluster and assign taxonomy to OTUs, it is likely
that diatom taxa were discarded if not represented in SILVA; this is potentially a ma-
jor drawback in this method, but it is a conservative approach to assigning taxonomy.

This dataset was rarefied to 330 sequences per combined sample.



61

Statistical Analysis.

All analysis and figure production following sequence processing was performed in
R (R Development Core Team 2010). For ordination and [-diversity assessments, we
transformed the abundance data using the Canberra quantitative metric as it is imple-
mented in the vegan package (Oksanen et al. 2011); this version of the metric contains
a non-zero correction as a way of de-emphasizing joint-absences between samples (Leg-
endre & Legendre 1998). To test for influence from amplification, cell count and ribo-
somal copy-number biases, we compared both the dissimilarities and first axes of non-
metric multidimensional scaling (NMDS) ordinations from Canberra with those of the
Ochiai coefficient, a geometric qualitative dissimilarity metric (i.e., Canberra takes
OTU abundance into account while Ochiai relies only on which OTUs were present
or absent). Subsamples were clustered using a flexible-8 agglomerative hierarchical
clustering method (5 = -0.25) as implemented in the agnes () procedure in cluster
(Maechler et al. 2005). A parsimonious solution to cluster analysis was optimized with
a combination of partana() and silhouette(), in the optpart and cluster pack-
ages, respectively (Roberts 2010c; Kaufman & Rousseeuw 1990). We used distance-
based redundancy analysis (DB-RDA), as implemented by the capscale() proce-
dure in vegan for assessing the relative strengths of each spatial gradient (sinter vs.
crust; and photic gradient) in predicting community dissimilarities. Subsample- and
gradient-based groups were tested with analysis of similarities (ANOSIM) in vegan.
The relationship between spatial distance and community dissimilarity were tested

using a quadratic model (dcanperra ~ log(Distance)+log(Distance)?) where Distance
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is generalized spatial distance; spatial distances were approximated as follows: Sub-
samples = lem; Samples = 1m (since these encompass sinter particles as well as crust
soil cores); Within Soil Type = 10m; Across Soil Type = 100m. It is important to
emphasize that these are not actual spatial distances, but rather distance rounded to
the nearest logged-distance category; this allowed for the comparison of groups rather

than assigning spatial distance to each pairwise calculation.

Results

Chemical properties of the spring (Tables 3.1 & 3.2) appeared to be relatively
constant over the three sampling times (June, October and February). The spring
periodically inundates the sinter area with a surge of geothermal water; we have
measured two such events in 11 months of monitoring, but this inundation seems
to be infrequent (Fig. 3.4). Concentrations of most elements and ions increased as
water travels through the system, since steam is evaporating from the surface near the
source. The notable exception to this is silicon, which decreased as it is precipitated
and taken up. DOC and TN (Table 3.1) also show a considerable jump in the 200m
sample, possibly indicating C and N being fixed in and near the stream throughout the
microbially active crust study area, or perhaps a virus-shedding event, though these
measurements are not replicated and are only intended for chemical characterization

of the geothermal water moving through the system.
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Table 3.1. Chemical characterization of geothermal water. Water temperature and
pH were measured in the field with a handheld water analyzer. Dissolved organic C
(DOC) and total N (TN) were measured by combustion catalytic odixation/NDIR.
Anions were measured using ion chromatography. All concentration values are re-
ported in mg L1, IDs indicate stream distance from source pool.

C and N IC Anions
ID Temp (°C) pH DOC TN F-  CI- NO; PO} SOi
Source 54.7 9.7 1.328 0.167 30.46 32090 ND ND 21.75

12m 46.8 9.8 1.202 0.139 31.93 33723 ND ND  23.08
32m 16.2 10.2 1.096 0.120 36.98 375.64 ND ND  30.82
72m 124 10.3 0917 0.044 37.25 396.57 ND ND 3197
200m 12.1 10.1 5428 0.400 42.67 448.61 ND ND 4448

ND = not detectable (<0.5 mg L 1)

Table 3.2. Chemical characterization of geothermal water (cont.). Trace elements
were measured using inductively cooled plasma optical emission spectrometry (ICP-
OES). All values are reported in mg L~!. IDs indicate stream distance from source
pool.

ICP-OES
1D Al As B Ca Fe K Li Na P S Si

Source 0.442 2.94 5.17 0.236 0.009 27.13 11.44 467.4 0.066 14.89 187.9
12m 048 3.18 5.60 0.262 0.012 28.24 12.39 492.6 0.073 16.14 2034
32m 0.373 3.64 6.39 0.242 0.006 32.94 14.1 557.3 0.087 18.61 194.9
72m 0.408 3.83 6.99 0.174 0.008 34.74 1591 606.8 0.089 19.99 203.9
200m  0.129 4.45 7.47 0599 0.026 36.34 16.81 717.6 0.113 2884 110
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Sequence Processing

After quality filtering, 173,381 18S sequences were retained (535-bp average length),
from which 19,188 sequences were randomly selected by rarefaction of the subsample
dataset (533 sequences per subsample). For the combined dataset, crust subsamples
were analytically recombined while sinter samples remained singular; samples were
rarefied to 850 sequences for each of 21 samples, totaling 17,850 sequences. The final
diatom dataset was rarefied to 330 sequences for each of 21 samples, totaling 6,930
sequences.

A breakdown of class distribution in the rarefied subsample dataset (Fig. 3.3)
shows that diatom OTUs (Bacillariophyceae) dominate most samples, though sin-
ter particles show a relatively more even taxonomic distribution compared to crust
subsamples. Crust surface subsamples were heavily dominated by diatom sequences,
with decreasing diatom abundance with depth. Sinter particles also appeared to con-
tain more rotifer sequences than did most crust subsamples. The target region of
the small ribosomal subunit used in this study, unfortunately, gives poor resolution
for diatoms, though we were able to assign tentative OTU species names based on

BLAST results (Table 3.4).

Sample Dissimilarity

Given inherent abundance biases due to differential amplification, ribosomal copy
number, and cell number, we compared the influence of abundance data using the
Canberra and Ochiai metrics (quantitative and qualitative dissimilarity calculations,

respectively) on the whole eukaryotic dataset. We found a high degree of agreement
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Figure 3.3. Class-level taxonomic distribution of OTUs after rarefaction. The most
abundant class detected in nearly all samples was Bacillariophyta (diatoms), except-
ing some sinter particles. The legend includes only the 18 classes comprising more
than 2.4% of any given sample for simplification.

between qualitative and quantitative indices when comparing dissimilarities (Pear-
son’s correlation r = 0.907; Fig. 3.5a) and when comparing the subsequent first axes
of NMDS (r = 0.901; Fig. 3.5b), indicating that some information was gained when
considering OTU abundance, but this additional information does not skew dissim-
ilarity based on abundance biases. This being the case, Canberra dissimilarity was

used for all additional analyses.

Subsample Clustering

Agglomerative hierarchical clustering and ANOSIM were used to address our first

hypothesis that eukaryotic communities are more similar within a sample than across
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Figure 3.4. Soil temperature measured at 10cm depth in sinter (= 10m from source
pool). Data were recorded using an Onset StowAway XTI temperature logger. Dates
when soil was frozen have been removed. The spikes in October 2010 and September
2011 indicate inundation with geothermal water. We were only able to capture two
such events, though it is possible that inundation events during winter months were
not captured.

environmental gradients. When subsampled data were assessed by clustering, sub-
samples are predictably regrouped within their respective samples (Fig. 3.6), and this
clustering model explained a substantial portion of variability (ANOSIM R-statistic =
0.971, P-value < 0.001; Table 3.3). This 12-cluster solution consolidated all samples
and gave the most parsimonious solution when considering partana (partana ratio =
2.57) and silhouette (5; = 0.12) results, with one cluster consolidating two replicate
“deep” samples (j = 12 in Fig. 3.7, where j is cluster number). Although sinter
and crust samples are not mixed in any of the 12 clusters, the highest bifurcation
of the clustering tree puts deep and mid crust samples with all of the sinter sam-

ples, perhaps indicating greater degree of community partitioning between surface
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Figure 3.5. Comparisons between quantitative and qualitative dissimilarities: (a) and
subsequent first axes of NMDS (b). Strong correlations in both cases indicates that
abundance biases from amplification, cell numbers and ribosomal gene copy numbers
do not substantially affect dissimilarity calculation or resulting ordinations, though
additional information is clearly considered when using the quantitative Canberra
metric. The values on the x-axis of the lower graph (b) have been reversed for
consistency.
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and phototrophically active communities than between those in subphotic samples in
either soil. This might be understandable given moisture levels at depth in both soils
and the influence of geothermal water on both subphotic communities, more so than
in the surface samples.

Fig. 3.7a shows silhouette width representing goodness-of-clustering for each of
the 12 clusters. The right panel of Fig. 3.7 (b & c) show results from partitioning
analysis where grayscale value indicates average similarity of each cluster (top) and
subsample (bottom) to other clusters, with white indicating greatest mean within-
cluster similarity; an ideal result will show white on the ascending diagonal with black
elsewhere. For example, the diagonal cell of cluster j = 9 is the closest to white, and
this indicates that mean within-cluster similarity of j = 9 was higher than the mean
within-cluster similarity of any other cluster, and since there are no negative bars in
this cluster (j = 9, in Fig. 3.7a), all subsamples within this cluster were more similar
to each other than to any other cluster. As well, cluster 7 = 5, composed of crust
subsamples from the same surface sample, had very little in common with any sinter
clusters compared to other crust clusters, as indicated by the dark cells to the left
and below.

Convincing results from ANOSIM, along with general agreement from partana
and silhouette analysis indicate that within-sample community similarity was greater
than across any other combination. Thus subsamples were combined into their re-

spective samples to address the second and third hypotheses.
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Figure 3.6. Agglomerative hierarchical clustering of subsamples. Samples were clus-
tered using a flexible-f approach, and separated into clusters by optimizing results
from both partition and silhouette analysis, resulting in 12 clusters (vertical dot-
ted line). Crust subsamples are represented by circles, while sinter subsamples are
triangles; top, mid and deep photic depths are white, gray and black filled symbols,
repectively. Clade bars indicate clusters separated in a 12 cluster solution. The result-
ing clustering solution completely separates sinter and crust subsamples, while also
grouping subsamples surprisingly well. The only exception to the original members
of each sample is the 5-subsample “deep” cluster (seventh cluster from the bottom),
which includes subsamples of two deep samples.
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Figure 3.7. Silhouette and partition analysis results for subsample data. (a) The
left panel shows silhouette widths for each of 12 clusters created by agglomerative
hierarchical clustering. C; = number of clusters j; n; = number of members in each
cluster; ave;ec; s; = average within-cluster similarity agreement. Clusters 1-4 are
composed of sinter particles, while all other clusters are composed of crust subsamples.
White, gray and black bars represent top, mid and deep samples, respectively. (b & c)
The two panels on the right show results from partition analysis (partana). Numbers
on the axes refer to n; and n, for clusters and subsamples, respectively. The ratio
of within-cluster similarity versus between-cluster similarity is indicated in grayscale,
with white indicating a high partana ratio and black indicating a low partana ratio.
An ideal result would show white across the ascending diagonal with black elsewhere.
The 12 cluster solution optimized the values from both analyses. Cluster (j) order in
silhouette graph (a) is not meaningful, but does correspond to axes of partana graphs

(b & ¢).
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Table 3.3. Results from Analysis of Similarities (ANOSIM). R-statistic is based on
the difference of mean ranks between groups and within groups, and ranges from -1
to 1 with 0 indicating completely random grouping and positive values indicating
systematic grouping (Legendre & Legendre 1998). P-values are based on 999 itera-
tions, and are only reported down to the P = 0.001 level. “Ungrouped” subsamples
correspond to the clustering solution presented in Figure 3.7. “All Grouped” samples
contain all eukaryotic OTUs, and “Diatoms Grouped” contains only diatoms.

Data Grouping P-value R-statistic
Ungrouped Subsamples  <0.001 0.97
Sinter/Crust  <0.001 0.46
All Grouped Vertical 0.003 0.26

Both <0.001 0.63

Sinter/Crust 0.033 0.18
Diatoms Grouped Vertical 0.016 0.22
Both 0.002 0.40

Eukaryotic Combined Samples

DB-RDA of combined samples (Fig. 3.8), constrained by both spatial variables,
reveals thorough separation of sinter and crust samples, and a tight grouping of photic
levels within soil type. Unconstrained dissimilarity accounted for most of the inertia
(76% versus 24% constrained inertia; inset pie-chart of Fig. 3.8); the majority of
information used in ordination mapping was from community dissimilarity data, and
the two variables used as constraints did not markedly disagree. ANOSIM was used to
test these groupings, and all three clustering solutions were convincingly significant
(Table 3.3), indicating that both scales were associated with shifts in community
composition, but the combination of the two variables into six clusters resulted in the

best fit (R = 0.63; P < 0.001).
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Figure 3.8. Distance Based Redundancy Analysis (DB-RDA) for all eukaryotes. DB-
RDA is constrained ordination, and, in this case, Canberra dissimilarity is constrained
by both soil type and photic depth. Inset pie-chart shows the percentage of total
inertia by unconstrained (76%; light gray) and constrained (24%; dark gray) inertia.

Diatoms

The diatom-only dataset was substantially smaller (6930 total sequences and just
13 taxa), and results were somewhat more nuanced compared to the whole eukaryotic
community. Fig. 3.9 shows a pattern similar to that seen for the whole eukaryotic
community with less complete grouping of samples, and some mixing between both

soil types and photic levels, though “deep” samples were well clustered. ANOSIM
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Figure 3.9. Distance Based Redundancy Analysis (DB-RDA) for diatoms. Separa-
tion of samples along CAP1 (first axis) indicates that the most important variable
considered (in terms of constraining sample mapping positions) is photic depth rather
than soil type, though soil type separates almost completely along CAP2. This is in
contrast to both the axis orientation and sample grouping displayed in Figure 3.8.

tests of the three same clustering solutions were also all significant, though the soil

type-based grouping was less convincing (R = 0.18; P = 0.033; Table 3.3).

Spatial Heterogeneity

As additional support for our first hypothesis that eukaryotic microbial commu-

nity similarity was highest within soil samples and increased with distance, a quadratic
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Table 3.4. BLAST Identification of Diatoms. Each of the 13 taxa used in analysis of
the diatom-only dataset was identified by closest matching isolate using BLAST.

Isolate Species GB Accession  Similarity (%)

Anomoeneis sphaerophora AJ535153 99
Cocconeis stauroneiformis AB930614 98
Cymbella signata JN033245 98
Denticula kuetzingii HQ912610 99
Gyrosigma aciminatum HQ912598 97
Haslea crucigera AY 485482 98
Navicula phyllepta FJ624253 98
Nitzschia communis AJ867014 99
Nitzschia cf. supralitorea AJ867020 99
Pinnularia brebissonii HQ912604 98
Pinnularia rupestris AJ867027 98
Pinnularia viridiformis AMDB501985 98
Sellaphora pupula EF151982 98

model was fit to describe the relationship between the log of spatial distance and
Canberra Dissimilarity using subsample data; the model was highly significant (P <
0.0001 for all coefficients; t = 229.1, 18.49 and -7.49, for intercept, first-order slope,
and squared term, repectively; Fig. 3.10), and the estimated trend increases asymp-
totically over the spatial scale of the study area. This helps to confirm that eukaryotic
communities were relatively similar within soil cores, but that a microbial community
survey on the single aggregate scale could be more informative in terms of fine-scale
community heterogeneity than a whole soil core, depending on the context and the

desired inference of the study.
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Figure 3.10. Subsample dissimilarities regressed against distance. The curve is from
a quadratic model (dcanperra ~ log(Dist) + log(Dist)?), where Dist is generalized
spatial distance (corresponds to Table 3.5). The relationship displayed was highly
significant for all model terms.

Table 3.5. Results from quadratic model (dcanperra ~ log(Dist) + log(Dist)?) where
Dist is generalized spatial distance (corresponds to Figure 3.10). P-values were
multiplied by the total number of pairwise comparisons (640) to account for non-
independence.

Model Term  Estimate Std. Error t-value P-value

Intercept 0.836 0.004 229.08 <0.001
log(Distance) 0.023 0.001 18.49  <0.001
log(Distance)?*  -0.002 0.0003 -7.49  <0.001
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Discussion

One of the most unique features of this site is that it is dominated by diatoms,
both in OTU abundance and frustular residuum. Taxa from most major eukaryotic
microbial lineages were detected, though 67% of all sequences analyzed were from
diatoms. To our knowledge, a frustule-based geothermal soil system has never been
described, though diatom communities have been studied in acidic geothermal springs
(Seckbach & Kocielek 2011; Owen et al. 2008; Hobbs et al. 2009). The eye-catching
crusted area of this study site displays many of the defining characteristics of biolog-
ical soil crusts (BSC), except that the soils remain moist throughout the year and
the fibrous taphonized diatomaceous soil matrix is not prone to the same erodible
instability. We also found no lichens or mosses, either visually or by 18S sequence;
both are major constituents, as well as indicators, of well-developed arid BSCs. These
features, along with the fact that the entire study area is dominated by diatoms, are
in stark contrast to any other BSC system previously studied. Throughout the study
area, the soil is exposed to full sunlight since essentially no plants shade the surface,
and this is evident in the conspicuous phototrophic microbial communities. Though
porosity was not directly measured here, frustule residuum and porous opaline pre-
cipitation, along with high soil-C content (= 5%; unpublished data) both improve
water-holding capacity, and likely contribute to the moist nature of the soil which
in turn helps to support the microbial communities that distinguish this site. Sinter
soils surrounding the geothermal source pool are visually different from crusted areas

(Fig. 3.2a & b), and eukaryotic microbial community data indicate that the visual
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differences are associated with a biotic shift. FE-SEM imaging reveals a complex
and highly porous sinter surface mostly composed of opaline-Si, taphonized microbial
biomass, and diatomaceous residuum. While this is qualitatively similar to the crust
parent material, diatoms appear to make up far less of the sinter soil material, both
visibly and in 18S sequences. Since geothermal water from a common source is a
major soil formation factor in these soils, chemical conditions are similar throughout
the site, and are not presented here. Rather, the major difference between sinter and
crust soils appears to be history; sinter particles comprise a younger, more porous
and aerated soil, while crusts have the added history of diatom and wetland soil ma-
terial accumulation, creating a more dense soil matrix. This historical and physical
disparity likely contributes to the observed differences in microbial communities be-
tween the soil types. To our knowledge, this is the first whole-eukaryotic survey of
a soil microbial system using high-throughput sequencing, though similar work has
been conducted in marine (Edgcomb et al. 2011) and freshwater (Brate et al. 2010)
systems and for subsets of soil (Lim et al. 2010) and aquatic (Amaral-Zettler et al.
2009) eukaryotic microbial communities. Pyrosequencing has been recently used to
describe the prokaryotic communities associated with the lichen symbiosis from rocks
and soils (Bates et al. 2011a), as well as the lichen associated eukaryotic communi-
ties of BSCs (Bates et al. 2012), but whole eukaryotic communities have otherwise
not been described for either BSCs or other soil microbial systems. Our bar-coded
pyrosequencing approach, using the F-907 and R-1428 primer set (Troedsson et al.
2008), was successful at detecting eukaryotic sequences from most major lineages,

and thus represents a model for evaluating eukaryotic microbial communities in other
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systems using high-throughput sequencing. The target 18S region, though, allows
for poor taxonomic resolution for many taxa considered here, including diatoms, and
thus might be a limiting factor for some applications; this is a common problem when
analyzing short sequence reads.

We conducted this study not just to describe an unstudied soil system, but also
to utilize this model phototrophic soil system to investigate the spatial heterogene-
ity of eukaryotic soil microbial communities. As high-throughput sequencing tech-
nologies become increasingly utilized, questions have been raised as to the scales of
inherent heterogeneity in microbial communities being studied, in terms of ecologi-
cal relevance, as well as statistical independence and inference (Prosser et al. 2007).
Though this debate has received more attention in microbial ecological studies re-
cently (Prosser 2010; Lennon 2011), macroecologists have long dealt with these issues
(Hurlbert 1984). Our goal was to compare the degree of within-sample community
resemblance to between-sample community resemblance, to gain a better understand-
ing of the relevant heterogeneity level in soil microbial communities. At the finest
scale of our study, subsamples were clustered using a parsimony optimization of clus-
tering solutions, and were regrouped nearly perfectly into their respective samples.
An analysis of similarities test resulted in an extraordinarily high R-statistic (R =
0.971; P < 0.001), indicating an adequate fit, and corroborates the assumption that
within-sample similarity is higher than between sample similarity, even between ver-
tical layers within the same soil core, in the case of crust soil cores. After subsamples
were regrouped appropriately, the remaining sample dissimilarity separated along

both the vertical photic gradient (second axis of Fig. 3.8) and soil type (first axis
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of Fig. 3.8), though the combination of the two variables results in the best fit for
the whole eukaryotic community dataset. Diatom communities were considerably
less discriminating across both photic depth and soil type, though fewer rarefied se-
quences were used for diatom analysis. (-diversity clearly depends on the quantity of
data used; however, very few sequences per sample can effectively detect differences
between communities (Kuczynski et al. 2010).

Results from an explicit test of pairwise community dissimilarity as a factor of
spatial distance, were highly significant (Fig. 3.10 & Table 3.5). We generalized spatial
distance along a log scale to account for inherent differences between sinter and crust
replicate distances for the “Samples” set (i.e., single photic-depth particles for each
sinter replicate were taken from within a 1m? area while crust photic-depth samples
were within replicate soil cores; we used the 1m scale to generalize spatial distance
for this set). There was a strong increase in pairwise dissimilarity as spatial distance
increased, though an asymptote is approached when subsamples are compared across
soil types. It is important to note the dissimilarity values within subsamples: all
pairwise values of non-independent subsamples were >50% dissimilar, pointing to
the potential inference gained from a fine-scale microbial community survey. Cur-
rent molecular methods certainly allow this targeted approach, in cases where the
additional detail informs a given study.

For datasets derived from soil microbial communities, we tend to assume that
homogenizing a soil core or composite of soil cores adequately represents an interact-

ing soil microbial community. In fact, this sampling regime ignores the heterogeneity
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of diverse habitats, as would taking a subsample of plant species from a homoge-
nized sample across all vegetation types in North America. In cases where microbial
communities are compared over regional or continental scales (Lauber et al. 2009),
fine-scale heterogeneity can add unnecessary noise and erroneously focus on relatively
unimportant localized conditions. On the other hand, fine-scale studies that seek to
understand localized soil processes and their effects on soil microbial communities can
certainly gain from an understanding of these differences at the soil aggregate scale.
Our subsamples were approximately 3mm?, and were limited in size to attempt to
capture the approximate heterogeneity in a single soil aggregate. The level of com-
munity dissimilarity among subsamples was predictably and substantially lower than
across any other scale, indicating that, though non-independent subsamples contain
distinctly different communities, their communities are significantly less dissimilar
than across any other scale we investigated. This finding adds to the growing un-
derstanding of the information that is lost (or avoided) by sampling soil microbial
communities in soil cores and composite samples versus the community that might

be detected at the aggregate or soil particle scale.
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Abstract

Geothermal-influenced soils exert unique physical and chemical limitations on res-
ident microbial communities, but have received little attention in microbial ecology
research. These environments offer a model system in which to investigate microbial
community heterogeneity and a range of soil ecological concepts. We conducted a
16S bar-coded pyrosequencing survey of the prokaryotic communities in a diatoma-
ceous geothermal soil system, and compared communities across soil types and along
a conspicuous photic depth gradient. We found significant differences between the
communities of the two different soils, and also predictable differences between sam-
ples taken at different depths. Additionally we targeted three ecologically-relevant
bacterial phyla, Cyanobacteria, Planctomycetes, and Verrucomicrobia, for clade-wise
comparisons with these variables, and found strong differences in their abundances,

consistent with the autecology of these groups.

Key words: geothermal soil; biological soil crust; prokaryotic microbial community;

fuzzy set ordination; adonis; Cyanobacteria; Planctomycetes; Verrucomicrobia
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Introduction

Prokaryotic communities in soils are among the most taxon-rich of any micro-
bial habitat (Madigan et al. 2008; Tringe et al. 2005; Fierer & Jackson 2006), and
the abiotic heterogeneity in soils is a major contributor to their biological diversity
(Fierer & Lennon 2011). For example, soil bacterial communities can differ on the
millimeter scale due to localized pH changes, oxygen diffusion gradients, uneven dis-
tribution of soil nutrients, solar radiation, surface temperatures, substrate limitations
and soil-water relations. Salinity and pH are major drivers of microbial communities
in all habitats, and especially in soils (Lauber et al. 2009; Herlemann et al. 2011).
Detecting and studying fine-scale differences in soil microbial communities has pro-
gressed quickly given recent advances in high-throughput DNA sequencing technology,
and much of the analysis of these massive datasets has borrowed from macroecology
analysis (Kuczynski et al. 2010). Community-wide phylogenetic relationships are es-
pecially useful in analyzing bacterial communities since high-level taxonomic groups
show ecological coherence (Horner-Devine & Bohannan 2006; Philippot et al. 2011),
and since phylogeny effectively incorporates evolutionary history into our understand-
ing of community ecology.

Plants exert strong controls on the composition of bacterial communities in veg-
etated soils (Wardle 2002; Zak et al. 2003; Ehrenfeld et al. 2005), but in the absence
of plants, abiotic conditions likely hold stronger influence over microbial primary
productivity, and thus on dependent communities. Biological soil crusts (BSCs) are

consortia of microorganisms that dominate soil cover in many arid soil systems where
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environmental conditions limit plant cover (Belnap & Lange 2003). In some arid soil
systems, BSC-associated cyanobacteria account for most C- and N-fixation and thus
they are sometimes the largest contributors to primary productivity in these sys-
tems (Housman et al. 2006). BSCs are potentially useful for testing ecological theory
in microbial communities because their constituents are well-studied, and because a
breadth of trophic levels is present in a small space (Bowker et al. 2009).

Soils under geothermal influence often hold limited plant cover due to chemical
and thermal conditions that are beyond the tolerance of most vascular plants (Bunn
& Zabinski 2003); the eukaryotic component of an unstudied geothermal BSC was
described in Chapter 3, in a soil with full solar radiation due to essentially no plant
cover. This soil community is dominated by diatoms in both 18S sequences and in
diatom-derived frustular residuum. In the present study, we analyzed prokaryotic
community composition by contrasting two adjacent soil types across a photic depth
gradient. Our first objective was to assess prokaryotic community differences be-
tween two adjacent soil types and along a visible soil photic gradient. Secondly, we
investigate specific differences in three ecologically-relevant taxonomic groups of the

prokaryotic community across the study system.

Methods

Site Description and Sample Collection

All soil samples were taken from Imperial Meadow (centered around 44°33'04”

N, 110°51'05"” W) in the Lower Geyser Basin, Yellowstone National Park, WY, USA.
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Figure 4.1. Diatomaceous geothermal soils: (a) Sinter particles (disturbed) with white
on the surface above orange and green photic zones (scale bar = lem); (b) Fibrous,
dense diatomaceous soil crust (scale bar = 3cm). This is the general appearance and
surface texture of crust samples; (c) Vertical photic layering (scale bar = 1lcm). This
striation was observed in similar appearance in both sinter and crust soils, across the
study area.

These biologically crusted soils represent a history of influence from alkaline-siliceous
geothermal water from a single source spring in the Lower Geyser Basin of Yellowstone
National Park, WY, USA (YNP Thermal Inventory ID LFMNNO020; Rowe et al. 1973).
Alkaline water from the source spring (pH = 9.7) contains little N or P, but is elevated
in several biologically important elements, including As, B, Na, and Si (see Chapter
3 for a description of geothermal water chemistry at this site). The spring water
occasionally inundates the adjacent soils, but these events appear to be infrequent.
Sinter soils (Fig. 4.1a) are composed of coarse, white, taphonized siliceous particles
adjacent to the spring, while crust soils (Fig. 4.1b) are dense, fibrous remnant wet
meadow substrate largely composed of diatomaceous residuum and opaline silica.

Sinter and crusted soils are within a 3 ha area surrounding the source spring. The
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only vascular plant present across the site is Triglochin maritima L., and its coverage
is sparse; this results in a soil surface exposed to full solar radiation, and thus a
colored phototrophic microbial community along a depth gradient that is conspicuous
in both soil types (Fig. 4.1c). There are several clear differences between the two soil
types, primarily in soil texture and structure; sinter soil particles are relatively more
coarse (mean particle diameter ~ 3mm), while crust soils are primarily composed
of taphonized T. maritima root material and diatomaceous frustular residuum, both
a product of history under a geothermal wet meadow. This difference lends to a
generally dry, aerated surface in sinter soils, and a moist, microbially active surface
in crust soils. Both soil types are very alkaline, with pH = 10.

All samples used in this study were taken in October, 2010. Three individual sin-
ter particles (= 3 mm diameter) were sampled from each of the representative photic
depths using sterile forceps. All sinter particles were sampled from within 10m of one
another, with one replicate set containing a particle from each photic depth taken
from within a 1m area. Mid-depth sinter samples consist of an extra set of replicate
particles, since sinter particles were more ambiguous in orange versus green coloration
(Fig. 4.1). These were preliminarily tested for community differences, and were sub-
sequently lumped into one mid-depth group for final analysis. Likewise, deep-depth
crust samples were also separated in preparation and grouped for this analysis. Crust
samples were taken from three different locations within the upland crusted soils, each
within 10m of another and approximately 100m from sinter sampling locations. Crust

soils were sampled with a sterilized soil core (=~ 2 cm diameter), and were sampled to
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5 cm depth. All samples were frozen on dry ice, on site, and archived at -80°C until

DNA extraction.

DNA Extraction

Crust soil cores were cut along conspicuously colored photic boundaries with a
sterile scalpel. Edges of the photic slices that touched the soil corer, as well as
transition regions between conspicuous colors were removed so as to reduce cross-
contamination from adjacent photic levels. These photic slices (=~ 0.3 cm thick by
lem wide) were cut into three equal pieces for subsampling. All subsampling was
performed in a sterile hood. Whole genomic DNA was extracted from each sin-
ter particle and crust subsample using the FastDNA Spin Kit for Soil from MPBio
(www.mpbio.com) following manufacturer’s instructions, with an additional ethanol
precipitation step. Subsampling was performed to assess within-sample community
heterogeneity, but these results are not presented here; subsamples were recombined

in silico for these analyses.

Bar-coded Pyrosequencing.

The V4 region of the 16S small-subunit ribosomal gene was amplified using the
515F primer (5-GTGCCAGCMGCCGCGGTAA-3') containing a 10-bp bar-code se-
quence with a Roche 454-A pyrosequencing adapter (Titanium Lib-L adapters), and
the 806R primer (5'-GGACTACVSGGGTATCTAA-3') with a Roche 454-B adapter.
The region targeted by this primer pair is suitable for [-diversity comparisons us-

ing short pyrosequenced reads (Liu et al. 2007), and has been adopted for standard
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protocols by the Earth Microbiome Project (earthmicrobiome.org). Unique bar-code
sequences were used to distinguish between all samples and subsamples. PCRs were
conducted with 10uM of each forward and reverse primer, 3ul template DNA, 22ul
GoTaq Green Master Mix (Promega, Madison, WI, USA), and an additional 1ul
BSA. Three samples, all mid-depth crust subsamples, contained noticeably higher
DNA concentrations than other samples, and were diluted 5x with DNA-free water
to achieve consistent amplification results with 3ul template volume. PCR was con-
ducted with the following thermocycler conditions: 3 minute denaturation at 94°C;
30 cycles of 45 seconds at 94°C, 30 seconds at 50°C, and 90 seconds at 72°C; and an
additional 10 minute annealing step at 72°C. Each sample and subsample was ampli-
fied in triplicate, pooled and cleaned using a QIAquick PCR Purification Kit (Qiagen,
Chatsworth, CA, USA). Equal concentrations of cleaned PCR product were combined
and sent to the Center for Integrated BioSystems at Utah State University to be run
on a Roche FLX Ti 454 pyrosequencing machine (www.biosystems.usu.edu). Raw sff
files from this project have been deposited in the NCBI Short Read Archive under
accession SRA050273, and bar-code mapping files in QIIME format are included as

supplemental material.

Sequence Processing.

All sequence processing was performed using QIIME v. 1.3 (Caporaso et al.
2010b). Quality-filtered sequences were clustered at the 97% similarity level, and
taxonomy was assigned to representative sequences from each cluster using the RDP

classifier; taxa that were represented by fewer than 10 high-quality sequences were
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removed from analysis. Sequences were assigned to samples using their unique 10-bp
bar-codes. The community dataset was rarefied to 1500 sequences per sample before

proceeding with S-diversity analysis.

Phylogeny and Statistical Analysis

OTU sequences were aligned in QIIME using PyNAST (Caporaso et al. 2010a),
and a subsequent phylogenetic tree was built with FastTree (Price et al. 2009). The
tree and rarefied community datasets were used to calculate unweighted UniFrac
community dissimilarity with the picante package in R (Lozupone et al. 2006; Kembel
et al. 2010; R Development Core Team 2010).

UniFrac distance values were used for ordination and g-diversity assessments, all
carried out in R. To visualize additional phylogenetic influence gained by using the
UniFrac method, the UniFrac matrix was compared to distances from a geometric
qualitative index, Ochiai, and a similar quantitative index, Canberra, both as imple-
mented in the vegan package (Oksanen et al. 2011).

Non-metric multidimensional scaling (NMDS) was used for unconstrained ordina-
tion of UniFrac distances, on 2 axes, using iterative random starts with the bestnmds
function in the labdsv package (Roberts 2010b). Fuzzy set ordination (FSO) was
used as constrained ordination to visualize the associations between each individual
variable, as well as their combination; FSO was performed with the fso package
(Roberts 2010a). Soil type- and gradient-based groups were tested with permuta-

tional MANOVA using the adonis function in the vegan package.
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All OTUs in the combined sample dataset were tested for association to either
soil type or depth category by x? test, and those with P-values < 0.1 for any group
were used for phylum-level analysis. These sequences were aligned with ClustalW,
and used to construct the ML tree (GTR + I" + I; 1000 iterations), both in Megab
(Tamura et al. 2011). False discovery rates were not used to select these taxa with
X2, since the objective was simply to limit OTUs to those showing marginal associa-
tion with a particular group, and not to assign significance to any particular taxon.
The maximum likelihood tree was used to extract whole clades for phylum-level phy-
logenetic analysis. OTU abundances were used to test clade-wise associations with
analysis of variance; multiple comparisons were performed with Tukey’s Honestly Sig-
nificant Difference tests, and P-values were adjusted for multiple comparisons. Both

of these functions, aov & TukeyHSD, along with chisq.test, are in the stats package

in R. Box-plots of differences were produced with ggplot2 (Wickham 2009).

Results

Sequence Processing

After quality filtering with QIIME default settings, 156,213 sequences were re-
tained (average sequence length = 300.4nt), resulting in 15,370 OTUs clustered by
RDP classifier at the 97% similarity level. The final rarefied dataset (1500 sequences
per sample; 24 samples) contained 1314 OTUs. Figure 4.2 is a breakdown of the
distribution of prokaryotic phyla in each sample. The figure is simplified to include

only those phyla that made up more than 1% of any given sample, and all others
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are included in the “Other” category, which also contains OTUs not identified at the
phylum level. The most striking difference among samples is that cyanobacteria were
primary constituents of some samples, and they were predictably abundant along the

photic gradient with a clear difference in their positional abundances between soil
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Figure 4.2. Breakdown of the relative abundance of prokaryotic phyla for OTUs
found in this study, after rarefaction. For simplification, the legend includes only
those phyla that comprised >1% of any sample.

Ordination and Discriminant Analysis

Before proceeding with ordination, we assessed phylogenetic influence when us-
ing the unweighted UniFrac distance rather than a more traditional non-phylogenetic
index (Supplemental Fig. 1). We found surprising agreement between UniFrac and

the Ochiai distances, and similar agreement when compared to the abundance-based
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Canberra index. Though Canberra allows greater dissimilarity due to abundance dif-
ferences, both are comparable; we used the UniFrac metric for all further multivariate
analyses since the small amount of information gained by considering phylogeny is
a step toward incorporating community ecology and evolution. Final stress of the
2-dimensional NMDS (Fig. 4.4) was 8, below the conventional problematic cutoff of
>15. Points are coded by soil type (shape) and depth (grayscale), with replicate
points joined by gray lines. There is a predictable grouping by both soil type and
by depth, with only one clear exception: two replicate sinter surface particles are not
grouped accordingly, but rather with mid-depth crust samples.

Four fuzzy set ordinations were produced, and are displayed in Fig. 4.5. The
purpose of FSO is a single-dimensional comparison of community data (UniFrac phy-
logenetic distance, in this case) with a fuzzy set ordination value (y-axis); the ordering
of the z-axis is categorical (a) and ordinal (b & ¢), and the degree of separation along
the y-axis indicates community agreement with z-axis data (Roberts 1986, 2008).
The three combinations tested were: (a) soil type; (b) depth; and (c) the combi-
nation of both categorical variables (FSO correlations and P-values are reported in
Table 4.1). While the results from these FSOs are convincing on their own, we also
formally tested the three sets of groups with permutational MANOVA using adonis.
It is important to note that we ran the combination of the two variables as an inter-
action with adonis, while FSO was set up as two different sets for the “interaction”
FSO (Fig. 4.5), since this produces a more straightforward ordination. All three
combinations tested with adonis were significant (P-values < 0.001 in every case;

Table 4.2). R? values from adonis are shown in each panel of Fig. 4.5, and the third
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Unweighted UniFrac

Unweighted UniFrac

Canberra

Figure 4.3. Supplemental Figure 1. Comparison of phylogenetic unweighted UniFrac
distances to qualitative Ochiai (a) and quantitative Canberra (b). Correlation coef-
ficients (r-values) indicate that limited additional information was gained by consid-
ering phylogenetic relationships.

combination is clearly the most explanatory of the variation in the data. Soil types
show a remarkably consistent ordination pattern in Fig. 4.5c, with overlap between

surface and mid-depth samples, and more separation of deep samples from all others.

Phylum-Level Comparisons

For comparisons of individual taxonomic groups, we limited the dataset to only

those taxa that were more abundant in any combination of soil type and depth. This
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Figure 4.4. Non-metric multidimensional scaling (NMDS) of samples across soil types
(shape) and depth (grayscale). Replicates in each group are joined by gray polygons.
Final stress after iterative random starts was 8.0.

Table 4.1. Fuzzy set ordination (FSO) model results. d-values represent fuzzy set
correlations between variables and community dissimilarity data. P-values estimate
the probability of obtaining a correlation as large as observed.

Model d P-value
Soil Type 0.75 < 0.001
Depth 0.72 < 0.001

Sinter x Depth 0.59 0.001
Crust x Depth 0.72 0.002

was done to focus on OTUs that appeared to consistently prefer specific conditions,
and also to reduce the size of the dataset used to construct an ML tree; the latter was
necessary to group OTUs by clades, since many taxa were not identified below, or

even to, the phylum level. Out of the total 1314 OTUs in the original rarefied dataset,
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Figure 4.5. Fuzzy set ordination (FSO) of (a) soil type; (b) depth; and (c) both
variables. On the y-axis are fuzzy set values that describe the agreement between
UniFrac community dissimilarity and z-axis variables for each sample. R? values are
from permutational MANOVA; the third value (c) is cumulative R? of an interaction
model.

432 were retained for clade-wise comparisons. We selected three ecologically relevant
bacterial phyla that were preferentially abundant in some combination of samples:
Cyanobacteria, Planctomycetes and Verrumicrobia (Fig. 4.6). Results from Tukey’s
HSD tests for all combinations are shown in Table 4.3; P-values were adjusted for
multiple comparisons. Cyanobacteria were most abundant in the mid-depth sinter

particles and surface to mid-depth crust samples (Fig. 4.6a & b). This is perhaps
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Table 4.2. Results from permutational MANOVA tests on both variables individually,
as well as their interaction. Interaction R? is cumulative (full - residual R?) from both
factors and their interaction, while both single factor models were run separately.

Model R?>  P-value
Soil Type 0.16 < 0.001
Depth 0.25 < 0.001

Soil Type x Depth 0.54 < 0.001

indicative of the surface environments in either soil type; sinter surface particles
are coarse and porous with lower moisture retention potential and organic matter
content than the surface of the crust soils, and thus surface crust soils present a more
hospitable habitat for cyanobacterial growth. Planctomycetes and Verrucomicrobia
(Fig. 4.6¢c—f) were both more abundant on subsurface sinter particles, with relatively
low abundance in surface particles. Both groups were present in all crust samples,

but no significant differences were found between depths.
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Figure 4.6. Clade-wise phylum comparisons. Plots on the left side (a, ¢ & e)
show abundance in sinter samples; crust samples are in right-hand plots (b, d &
f). Cyanobacterial OTUs (a & b) were more common in photic zones, though surface
sinter samples contained fewer than mid-depth samples. Planctomycete abundance
increased with depth in sinter samples (c), but there was no significant difference
between crust depths (d). Verrucomicrobial abundance was highest below the surface
in sinter samples (e), and was consistent throughout crust depths (f). Letters beside
boxes are results from Tukey’s Honest Significant Difference tests after accounting for
multiple comparisons. Full results from these tests are in Table 4.3.
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Table 4.3. Multiple comparisons of three ecologically relevant phyla. Results are from
Tukey’s Honest Significant Difference tests, and P-values were adjusted for multiple
comparisons. Differences are from averaged abundance. Stars indicate significant
differences at the o = 0.05 level, and these correspond to lettered groups in Fig. 4.6.

Sinter Crust
Comparison Difference P-value Difference P-value
Top - Mid -213.5 < 0.001 * 16.0 0.912
Cyabobacteria  Top - Deep 106.3 0.061 183.3 0.001
Mid - Deep 319.8 < 0.001 * 167.3 0.002
Top - Mid -16.3 0.004 * 0 -
Planctomycetes  Top - Deep -79.7 < 0.001 * =77 0.428
Mid - Deep -63.3 < 0.001 * -7.7 0.428
Top - Mid -23.2 < 0.001 * 1.7 0.951
Verrucomicrobia  Top - Deep -11.7 0.049 * 1.5 0.947
Mid - Deep 11.5 0.027 * -0.2 0.999

Discussion

Microorganisms living in geothermal soils are faced with extreme environmental
conditions that not only severely limit plant cover, but also exert strong controls over
microbial communities. We were able to take advantage of this lack of plant cover
in the present system which makes for an especially unique environment in which
to study microbial communities across a phototrophic potential gradient. Both soils
presented here exhibit a conspicuously-colored delineation of phototrophs within the
top few centimeters of the soil surface. One reason that the colors are so visible in
this system is that the soil parent material, essentially opaline silica and diatomaceous
residuum, is white. Thus, an investigation of microbial S-diversity across a photic

depth gradient is an obvious first step to understanding the drivers of heterogeneity
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in this unique system. We found strong community partitioning as a factor of both
soil type and depth, and this is consistent with findings of the eukaryotic component
of the microbial communities (presented in Chapter 3). One primary physical differ-
ence between the sinter and crust soil types is particle size, and this largely dictates
water relations at the soil surface. Sinter particles are generally >2mm, and are thus
technically outside of the common definition of soil particles. That being said, the
mixture of these particles and diatomaceous frustules creates a highly macro-porous,
and well aerated, soil surface that increases in moisture content with depth. The
crust soils, on the other hand are dense and fibrous up to the very surface, and hold
more organic matter content, especially visible microbial exudates. This matrix holds
more water at the surface, and also likely represents greater potential for anaerobicity
throughout the epipedon.

We hypothesized that prokaryotic communities would vary with depth and soil
type. The top samples receive full solar radiation and the mid-depth samples are
phototrophically active, as evidenced by orange and green color bands at mid depth.
Deep samples lack these colors, and were thus considered to be below the direct
influence of solar radiation. Both unconstrained (NMDS; Fig. 4.4) and constrained
ordinations (FSO; Fig. 4.5) reveal a pattern of samples clustered by replicates across
both soil type and photic depth, and discriminant analysis results (Table 4.2) fully
support this first hypothesis. Sinter surface particles (white triangles), however, stand
out as a noticeable deviation. Additionally, surface samples in both soil types show a
high degree of overlap with mid-depth samples in Fig. 4.5c. The major constituents

at the phylum-level in the top sinter samples are in general agreement except for the
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abundance of Fermicutes, Chloroflexi, and Acidobacteria (Fig. 4.2). The surface of the
sinter soil is essentially composed of unconsolidated particles in an area often traversed
by bison; multiple field sampling events were delayed to allow bison to travel on at
least one well established game trail through the sinter area. Therefore it is possible
that the disturbance regime of these samples, along with their surficial exposure,
play a role in their differentiation relative to other replicated groups; it is also possible
that this inconsistency reflects contamination during molecular processing, though all
samples were accompanied by negative control reactions. The abundance of members
of the Fermicutes phylum is notable in two of the three top sinter samples, since
this group contains many anhydrobiotic endospore-producing bacteria, and these are
the only samples that are likely to experience full desiccation for extended periods.
The methods employed here would not have been able to differentiate between active
Fermicute DNA and that from endospores, though all surface sinter samples used
here were visibly desiccated.

Cyanobacteria, Planctomycetes, and Verrucomicrobia were selected for additional
analysis since these are three potentially ecologically important phyla in this system
(Fig. 4.6). Cyanobacteria are clearly visible, both as indicated by coloration of sam-
ples and through microscopy. Surface sinter particles are the most vulnerable to
desiccation, so it is not surprising that Cyanobacteria were significantly more com-
mon in the mid-depth sinter samples compared to the surface samples. Crust soils,
however, have greater water holding characteristics, and so phototrophs are more
likely to proliferate at the surface, and were present at the same abundance level as

at mid-depth crust samples. Planctomycetes and Verrucomicrobia, on the other hand,
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were chosen for their important roles in anaerobic soil microbial processes. Members
of the Planctomycetes are responsible for anarobic ammonia oxidation (anammox)
in a variety of environments, and are common constituents of aquatic environments,
and especially brackish waters (Madigan et al. 2008; Herlemann et al. 2011). The
closely related phylum, Verrucomicrobia, has been more closely studied in soils in
recent years since the relative importance and abundance of this group in soils has
gone underreported given well-reported primer biases (Bergmann et al. 2011; Wagner
& Horn 2006). We chose primers that effectively target both groups (Bergmann et al.
2011), and found differential abundances in the two soil types. Planctomycetes and
Verrucomicrobia were both more abundant below the surface in sinter samples, but
there was no difference in abundance with depth in crust samples (Fig. 4.6¢—f). This
is again indicative of the interrelated water relations and anaerobic potential in crust
soils versus sinter soils, since the top crust samples are more likely to contain a con-
sistently moist environment with a greater potential for the anaerobic microhabitats
required by some members of both of these groups. These three groups lend support
to our second hypothesis, that community differences can be traced to higher taxo-
nomic groups, and thus it is clear that the differentiation of prokaryotic communities
carries a strong phylogenetic signal.

In conclusion, we have observed clear differentiation of prokaryotic communities
between two adjacent soil types, and along a photic depth gradient, consistent with
soil physical differences and with visible coloration bands near the soil surface. We
were able to single out three ecologically-important taxonomic groups with phyloge-

netic signals that trace to photic and aerobic differences, and thus we identified two
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potential drivers of microbial community diversity. These geothermal diatomaceous
soils harbor a surprising diversity of microorganisms and present a unique habitat
that lends to microbial community investigations. Future studies of this system, and
in other geothermal soils, might be able to identify soil-chemical drivers of some of

the differences observed in these distinct communities.
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CHAPTER 5.

CONCLUSIONS

We know surprisingly little of the environmental factors that shape soil microbial
communities; this is partly because of the staggering heterogeneity of the soil environ-
ment, but it is also because methods for studying these organisms are still continuing
to be developed. Soil microbiology often revolves around the regression of soil chem-
ical conditions with occurrence or abundance patterns of certain taxa or groups of
microbes that are hypothesized to respond to such changes. This has been a very
productive approach to understanding the relationship between the soil environment
and its various constituents. The three major chapters of my dissertation (2, 3 & 4)
were, in some ways, attempts at addressing this broad question using unconventional
hypotheses and theoretical approaches in an unconventional environmental setting.

The question addressed in Chapter 2, what is the relative strength of influence
on mycorrhizal fungal communities from either host plants or the soil environment, is
an exceedingly difficult question to address in situ, and this is the major reason why
there is still not a complete answer. This study, to my knowledge, has come the closest
to being able to assign an answer to this question, and it had a lot to do with the
selection of a model system in which contrasting plant community types were located
in very close proximity, and contained a single common host plant, M. guttatus. The
strength of this study, however, proved to be its major flaw; adjacent contrasting plant

community types were growing in soils that had very different pH. While designing
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this study, I did anticipate this being the case, but found in preliminary sampling that
the differences in soil conditions between contrasting plant communities might not be
as great as expected. By chance, it turns out, my preliminary sampling sites were the
exception and not the rule, and this mistake resulted in plant communities confounded
with soil conditions. I was able to use analytical finesse to deal with this problem, but
not in a robust way. This study also perhaps loses some scope of inference given that
it was designed around only two community types: those with only annual plants, and
those with a mixture of annual and perennial plants for AMF hosts. This approach
did achieve a very stark result in terms of fungal community, but a more informative
study would have accounted for a gradient of plant community types and richness
values. Weaknesses aside, I did manage to show that AMF communities were more
closely associated with differences in host community than with soil conditions, and
this has not previously been done in AMF literature. Perhaps the most interesting
result from this study was that adjacent plant communities harbored distinct AMF
communities with surprisingly little overlap; only three of the 28 AMF taxa observed
were found in both community types. This interesting finding sets up a potential
to address a similar hypothesis in environments where plants are similarly stressed,
and thus present similarly contrasting community life-history types. This study, to
me, also strongly indicates that some AMF taxa appear to exhibit strengths in some
ecological settings over others, meaning that each has its own dispersal limitations
and/or ability to survive in harsh soil conditions for nearly a year without a host
plant, its own ability to compete for establishment in roots, and its own context

with respect to the types of symbiotic pairing. These concepts have received little
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attention in AMF ecology, and my study was not designed to answer the questions
they pose, but it does present a step in the direction toward addressing this gap in
our understanding.

In terms of methodology, the study presented in Chapter 2 was greatly informed
by the use of ribosomal DNA sequence identification, since I was able to assign each
AMF OTU with an approximate taxonomic distinction, and that was corroborated
by existing LSU (28S) sequences from known isolates. While the goal of the study
was not to isolate novel AMF species, it appears that at least some of the OTUs
used in analysis were likely novel, since the closest Glomeromycotan sequence in
GenBank was quite distant in some cases (<95%). Recent molecular work seems to
corroborate this, since AMF taxa appear to exist on the continuum from metropolitan
to localized and endemic; much more research is still to be done to more adequately
describe Glomeromycota. The molecular approach that I took to characterizing AMF
communities in plants was slow and laborious, but productive.

Chapters 3 & 4 were the result of barcoded-pyrosequencing of samples from across
a microbially-active geothermal soil crust. I happened across this system while sam-
pling nearby plants. The soil is visually striking, and had an appearance similar
to arid biological soil crusts. The clear difference is that the geothermal soil stays
moist because of subsurface water throughout the year and because of the tremendous
water-holding capacity of the highly porous, dense, fibrous soil matrix. The visible
coloration banding within the top few centimeters of the soil surface begs explanation,
and seemed to be an obvious starting point to understanding the system. I collected

samples with the intention of defining microbial communities in two soil types and
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across a photic gradient evident in both soil types. This was initially done as a descrip-
tive study, though the hypothesis-driven components revolved around corroborating
visible microbial community differences with sequence data. While this produced a
very interesting first look at an unstudied system, I have definitely learned, through
manuscript peer-review, that this is an unconventional, and at times unwelcome, ap-
proach to study design in microbiology. My goal was to assess community structure
in an interesting system, and to contrast the visible with the microscopic - it is rare
that we are presented with such a visible system in which to ask this type of question.
In-depth chemical analysis of particular groups seemed to me to be secondary, though
important in future research. This certainly helps me perceive the oft bemoaned dis-
connect between microbiology and ecology, but I also understand much better how
to approach a similarly descriptive situation in the future.

It is ironic that I spent the better part of two years generating, for research
described in Chapter 2, a final dataset populated by fewer than 300 DNA sequences,
and I spent a few weeks generating nearly half a million DNA sequences, of similar
length, for the projects presented in Chapters 3 & 4, and for comparable price. This
is a perfect illustration of the current trajectory and acceleration of DNA sequencing
as of this writing; more than 4 million nucleotide bases can be sequenced for each
dollar spent. Indeed, Moore’s law of technology is playing out in impressive form
in the world of molecular biology. This acceleration of sequencing technology and
its accompanied generation of unprecedented volumes of data are also necessitating
advances in software and methodology capable of processing such data. Sequence

processing, bioinformatics, statistical programming, and ecological statistical analysis
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applicable to metagenomic data are among the most valuable skills developed during
this process.

One original objective when starting graduate school was to address questions in
basic soil ecology that have application in ecological restoration. For instance, we
have major gaps in our understanding of mycorrhizal interactions in harsh environ-
ments, and mycorrhizal interactions have become a desirable component of restoration
projects, which are generally taking place in harsh environments. The first component
of my research does imply that there is a functional link between diversity of plants,
and their community structure, with that of an associated mycorrhizal community.
Inocula in the restoration industry are often composed of single species cultures,
and it is tempting to judge these on the basis of ‘not complex enough to benefit.’
Chapter 2 of this dissertation did not attempt to assign, and was not designed to
measure, any sort of effect size in benefit for isolated plants, but it was apparent
that single, isolated plants in a naturally harsh condition were able to establish and
complete their life cycles with an average of slightly more than a single AMF taxon
in their roots. This could imply that there might not be a problem with applying
a single species mycorrhizal inoculum to the roots of an isolated plant being placed
in, for instance, arid reclaimed strip mine overburden without the benefits of micro-
bially active topsoil. There certainly remain unanswered questions regarding local
adaptation to environmental conditions, as well as relational specificity, and these
are potential areas of future research in this field. The other major components of
my dissertation (Chapters 3 & 4) have no clear application in this regard, but these

projects do help to advance bioinformatical and statistical methods in metagenomics
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and high-throughput microbial ecology, and these methods will increasingly be used
in restoration ecology.

While attending a recent soil metagenomics conference, the constant theme, both
in presentations and in discussions, was the rapid change happening in the field of soil
microbiology due to high-throughput molecular technology. Against this backdrop,
an elder, well recognized soil microbiologist asked the audience to predict the title
of a presentation they might give at the same meeting in 10 years. Answers were
revealed later in the day; some were thoughtful, some were humorous, and others were
forward-thinking in terms of what might be accomplished in just a few years. The
title that stood out, however, was this: “We still know nothing about soil microbial
communities.” This title perfectly illustrates the conundrum presented by evolving
technology in science. All the data in the world cannot answer a poorly framed
question, and simple techniques might be the most appropriate way to answer even
the most complex question. This, perhaps more than any other lesson, is what I
take away from having concluded this dissertation research. With so many choices
for producing mountains of microbial community data, it is easy, certainly for me, to
overlook the possibility that a relatively small portion will adequately tell the story.

The work presented herein addressed different sets of ecological questions using
data produced through very different methods, each with its own strengths and weak-
nesses, and each was able to answer the relevant questions. The questions addressed
in this dissertation, however, are all somewhat preliminary in their scope of inference,
and they clearly demonstrate the value of geothermal soils as model systems for eco-

logical research. Future work into the inherent link in symbiotic community structures
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can benefit from a focus on 1) additional plant species to investigate specificity issues
not addressed in Chapter 2; 2) finer gradation between the isolated and communal
settings investigated here, to separate influences of host life history strategy and host
species richness; and 3) a study design incorporating more overlap in soil-chemical
conditions as a way to further disentangle relative influences from soil conditions and
hosts. The biological soil crust study presented in Chapters 3 & 4 was the first look
at an incredibly interesting system; many questions remain to be asked of such a sys-
tem, and this dissertation approached a few of the most obvious. Chemical conditions
affecting microbial communities in these soils are of primary interest — something my
study was not designed to address. Additionally, geothermal water inundation of
these soils likely has a strong pulse-dynamic effect on microbial communities and
resulting soil chemistry. Both geothermal soil areas in this dissertation can, in the

future, act as useful model soil systems for further addressing ecological questions.
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SAMPLE TOTAL STANDARDIZATION EQUATIONS
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10
Vik bix = > _ aji (5.1)
JEC;
bi,
Vik fik = —5g—— (5.2)
Zigzl bi

Where

i = site {1,10}
j = plant {1,95}
¢ = clustering of plants in site i {1,C(¢;)}
k = fungal taxa {1,28}
a;r, = plant; in site; containing fungal taxony

fi = sample total standardized fungal abundance

Equations 1 & 2: Sample total standardization was imposed on fungal occurrence
data (1) to represent occurrence within a single plant without erroneously applying
abundance; and (2) to apply abundance based on occurrence within the larger context
of the isolated or communal patch with a standardization to account for different
numbers of plants sampled from each patch and different numbers of colonized root
segments successfully sequence-identified
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APPENDIX B

INFLUENCE OF RAREFACTION ON S-DIVERSITY
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Microbial rDNA datasets generated through bar-coded pyrosequencing inevitably
produce a different number of sequences from each sample. Prior to comparison of
communities through (-diversity analysis, sample-sequence quantities must be nor-
malized in number of sequences per sample, since an increase in observations will
likely result in an increase in a-diversity; the common method of normalization is
random selection of a uniform number of observations (sequences) per sample. This
brings into question the optimal, or inversely, the minimum, number of sequences
per sample to detect patterns and differentiate between communities. This has been
addressed by Kuczynski et al. (2010) by comparing the effects of rarefaction from 10
to 10* 16S sequences per sample. To ensure that the rarefaction rates applied to the
16S dataset in Chapter 4 were sufficient for robust analysis, and to informally test for
normalization-level bias, I applied a series of rarefaction rates to the 16S dataset, from
the 1500 sequences per sample used in analysis in Chapter 4, down to 25 sequences per
sample. For this comparison, the Canberra dissimilarity index was used for commu-
nity resemblance in each rarefied dataset. Plot identification letters in the first column
of Table B.1 correspond to the plot letters in Figs B.1, B.2 & B.3. Fig. B.1 shows
the correlation of pairwise dissimilarity values from each rarefaction level compared
to that used in Chapter 4 (1500 sequences per sample). It appears quite clear that
these values are highly correlated, and remains above r=0.9 until only 100 sequences
were retained per sample (Fig. B.1n). Non-metric multidimensional scaling (NMDS)
ordinations with 2 axes were created with each of these rarefied datasets to display
community clustering. The effects of this treatment on ordination are displayed in

Fig. B.2, though this is somewhat difficult to visually interpret since the NMDS is
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rotated in a unique orientation in each plot. The salient piece of information in this
figure is that the replicates (joined by gray lines) are consistently clustered together
even when only 25 sequences per sample are used to construct the ordination; the
exception throughout Fig. B.2 is the same exception seen in Fig. 4.4 from Chapter 4
- sinter surface particles are not well grouped in any ordination. The poor grouping
in this set of sinter surface replicate samples was a motivating factor for producing
this analysis; it is clear from this analysis that lack of community resolution does not
play a role in the poor grouping of sinter surface particles. The next figure, Fig. B.3,
shows an NMDS using the full 1500 sequence-per-sample dataset with the movement
of each community point traced by thick gray lines. While somewhat redundant with
Fig. B.2, this emphasizes the consistent grouping of replicates even when only 25 se-
quences per sample were used for ordination. The final part of this rarefaction analysis
is presented in Fig. B.4; random selection of rarefied sequences was iterated 10 times
for each rarefaction level, and the distributions of correlation coefficients from each
comparison to that used in Chapter 4 are shown in a box-plot. Again, results are
very consistent even when relatively few sequences are used to calculate dissimilari-
ties. These results are consistent with findings from Kuczynski et al. (2010), and help
to corroborate the rarefaction rates used in this study. It appears that the massive
datasets produced by high-throughput sequencing more than adequately characterize
the community, and rarefaction down to very low rates (25 sequences per sample, in
this case; 10 sequences per sample in Kuczynski et al. (2010)) is sufficient to detect

patterns across a fine spatial scale, and to differentiate between distinct communities.
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Table B.1. Rarefaction comparisons for 16S data. Plot letters correspond to each
individual plot in Figs B.1, B.2 & B.3. Dissimilarity correlation coefficient is derived
from comparing Canberra dissimilarity values of each rarefied dataset to those from
the dataset (1500 sequences per sample) used in Chapter 4 analysis.

Sequences Dissimilarity Procrustes
Plot Per Sample  Correlation RMSE

a 1400 0.999 0.2660791
b 1300 0.998 0.5923888
¢ 1200 0.997 1.499809
d 1100 0.995 0.4574903
e 1000 0.991 0.5500876
f 900 0.990 1.273908
g 800 0.988 0.9714175
h 700 0.984 1.445766
i 600 0.981 1.747694
j 500 0.980 1.347681
k 400 0.967 1.741253
1 300 0.956 1.834211
m 200 0.941 1.916856
n 100 0.898 2.27627
0 50 0.818 3.061139
p 25 0.719 4.678412
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@

Figure B.1. Dissimilarity correlations. Canberra dissimilarities from prokaryotic
datasets rarefied from 1400 sequences per sample (a) stepwise down to 25 sequences
per sample (p) compared to those from the full dataset of 1500 sequences per sample.
Plot ID letters correspond to Table B.1.
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Figure B.2. NMDS comparisons. Each ordination was derived from rarefied datasets
(Table B.1) with Canberra dissimilarities; each was produced with 2 axes. Replicate
groups are connected by gray lines.
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Figure B.3. Procrustes errors. Points in every ordination are the position of NMDS
from the full dataset (1500 sequences per sample), and gray lines indicate movement
of each point after sequentially reducing dataset size; each corresponds to Table B.1.
Orientation has been changed in each and is essentially disregarded to visualize rela-
tive proximity of points.
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Figure B.4. Iterated rarefaction correlations. Each level or rarefaction was repeated
10 times, and Canberra dissimilarities were compared to the full dataset each time.
Boxes show the distributions of correlation coefficients (7).
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APPENDIX C

COMBINED 18S AND 16S ORDINATION
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An original goal of the study presented in Chapters 3 & 4 was a combined anal-
ysis of the prokaryotic and eukaryotic components of the microbial community. The
sequencing method I utilized did make this possible, with two problems: 1) the two
datasets were difficult to combine given very different diversity characteristics, and
thus attempts at normalization were somewhat arbitrarily designed to equalize influ-
ence from either community; and 2) little additional information was gleaned from
this combined approach. This appendix describes two different ways that I attempted
to normalize concatenated datasets, and their results.

The first, and most obvious method of normalization was to rarefy each dataset
to exactly the same number of sequences per sample. The results of this first ap-
proach are presented in Fig. C.1. The problem that is apparent in Table C.1 is that
the two datasets have very different diversity structures, in that the 18S dataset is
dominated by a few very abundant bacillariophytes, with low abundance of anything
else, while the 16S dataset is far more even, with many more OTUs. The top two
subfigures in Fig. C.1 (a & b) are NMDS ordinations that resulted from only 18S
and only 16S datasets, respectively, both rarefied to 800 sequences per sample. The
central two subfigures of Fig. C.1 (¢ & d) are the same points seen in a & b, but
showing procrustes errors (thick gray lines) indicating movement of points after com-
bination of the datasets. It is important to note that ordination rotation and scaling
are accounted for in the procrustes routine, so the errors shown are mapping positions
relative to each other. The bottom two subfigures (Fig. C.le & f) show correlative

structure of pairwise Canberra dissimilarity values from 18S (e; z-axis) and 16S (f;
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z-axis) with those from the combined dataset (y-axis in both subfigures). When rar-
efying each respective dataset to 800 sequences, the 18S dataset has only 161 OTUs
while the 16S dataset retains 1139 OTUs. The dissimilarity indices that have been
used throughout this dissertation, and essentially all others available for multivariate
community dissimilarity calculation, depend heavily on species richness. This neces-
sarily means that the 16S dataset, with its 10x higher OTU richness, will have far
more influence in the concatenated dataset than that of the 18S. This is exactly the
evident effect given the negligible procrustes errors seen in Fig. C.1d compared to
Fig. C.1c. The NMDS that resulted from combination was essentially identical to
the one from the 16S-only dataset. Clearly, the 16S dataset had more influence in
the ordination than the 18S, and thus the equal rarefaction approach taken here is

unsuitable when it is desirable to allow inference from both sets of organisms.

Table C.1. Normalization statistics for combined 18S and 16S datasets.

Sequences Shannon Procrustes
Dataset per Sample OTUs Diversity (£sd) RMSE  Correlation
Combined 1600 1300  3.89 (£0.39) - -
Eukaryotes (18S) 800 161 2.17 (£0.62) 1.81 0.706

Prokaryotes (16S) 800 1139  4.21 (£0.52) 0.94 0.992
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Figure C.1. Combined ordination comparisons of 18S and 16S communities. Both
community datasets were rarefied to 800 sequences per sample, combined, and Can-
berra dissimilarities were calculated. The top two subfigures are 3-dimensional NMDS
ordinations of only eukaryotic (a) and only prokaryotic data (b), with replicates joined
by thin gray lines; (¢ & d) Procrustes comparison when considering both datasets
combined. Thick gray lines indicate movement of each sample in ordination space
(procrustes errors) when 18S (c) and 16S (d) point mappings are compared with
combined dataset ordinations; (e & f) Correlations between pairwise Canberra dis-
similarity values of 185 (e; z-axis) and 16S (f; z-axis) with those from the combined
dataset (y-axis in both subfigures). Correlation coefficients (r) are shown in e & f..
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The results from the second approach are displayed in Fig. C.2 and Table C.2.
For this approach, the 150 most abundant OTUs were selected from the equally
rarefied datasets, and thus the majority of rare prokaryotic OTUs were excluded from
analysis. The same methods were used to assess influence; Canberra dissimilarity
values were calculated, NMDS ordinations were constructed, procrustes errors were
displayed, and pairwise dissimilarities were compared. This approach ameliorates
some of the uneven 16S influence seen in Fig. C.1, since procrustes errors are more
evenly split between Fig. C.2c & d, but Fig. C.2e & f indicate that 16S sequences were
still far more influential in dissimilarity calculation. Additionally, procrustes RMSE
values were both higher after reducing OTU numbers, and this is arguably not an
intended, or desirable, result. All ordinations also begin to lose coherent replicate
grouping after this strict normalization. One potential problem with this approach
is summarized in Fig. C.3. Although 18S and 16S sequences are represented by the
same OTU richness, and the number of observations is close to even (16,779 and
12,092 sequences per dataset, for 18S and 16S, respectively), the diversity structures
of each component of the combined dataset are very different. 18S samples were less
even and less diverse than 16S, and rare OTUs (inset of Fig. C.3) were uneven; rare
18S OTUs were represented by a minimum of 3 sequences per OTU, while 16S OTUs
were represented by a minimum of 20 sequences, increasing the possibility that rare
16S OTUs were found in multiple samples, and thus feeding more information into
dissimilarity calculation than 18S OTUs.

These results illustrate the potential pitfalls of combining two community datasets

from organisms with very different population and community structures, and very
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different distributional assumptions. I attempted two relatively simple normalizations
in an attempt to include information from both groups, but one group (prokaryotes)
consistently held uneven influence on the results, and thus the goal of equal inference
from both groups was not accomplished. These two normalization schemes are cer-
tainly not the only options, but just the two most obvious, and two that might be
attempted in the future for similar projects.

Table C.2. Normalization statistics for combined 18S and 16S datasets with 150 most
abundant OTUs.

Sequences Shannon Procrustes
Dataset per Dataset OTUs Diversity (£sd)  RMSE  Correlation
Combined 28,871 300 3.29 (£0.33) - -
Eukaryotes (18S) 12,092 150  2.17 (£0.62) 2.68 0.736

Prokaryotes (16S) 16,779 150  3.27 (£0.32) 1.1 0.973
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Figure C.2. Combined ordination comparisons of 185 and 16S communities, including
only the 150 most abundant OTUs. The 150 most abundant OTUs were extracted
from the rarefied datasets, and Canberra dissimilarities were calculated. The top
two subfigures are 3-dimensional NMDS ordinations of only eukaryotic (a) and only
prokaryotic data (b), with replicates joined by thin gray lines; (¢ & d) Procrustes com-
parison when considering both datasets combined. Thick gray lines indicate move-
ment of each sample in ordination space (procrustes errors) when 18S (c¢) and 16S
(d) point mappings are compared with combined dataset ordinations; (e & f) Corre-
lations between pairwise Canberra dissimilarity values of 185 (e; z-axis) and 16S (f;
z-axis) with those from the combined dataset (y-axis in both subfigures). Correlation
coefficients (r) are shown in e & f. Note that NMDS stress in (a) was above 20 (21.4)
for a 2-dimensional NMDS, but this was still used for consistency with other figures
in this appendix.
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Figure C.3. OTU abundance distributions for normalized datasets. Abundance dis-
tributions for 18S and 16S datasets were very different after extracting the 150 most
abundant OTUs from rarefied datasets. Tails of the distributions are shown in the
inset to emphasize the difference in rare OTUs; these likely play some part in the un-
even influence that 16S sequences have in combined ordination, since rare 165 OTUs
are represented by a minimum of 20 sequences and the rarest of 185 OTUs are repre-
sented by only 3, increasing the likelihood that rare 16S OTUs were found in multiple
samples and are thus influencing dissimilarity calculation.
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