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Abstract The mesothermal outflow zones (50-65°C) of
geothermal springs often support an extensive zone of green
and orange laminated microbial mats. In order to identify and
compare the microbial inhabitants of morphologically similar
green—orange mats from chemically and geographically dis-
tinct springs, we generated and analyzed small-subunit ribo-
somal RNA (rRNA) gene amplicons from six mesothermal
mats (four previously unexamined) in Yellowstone National
Park. Between three and six bacterial phyla dominated each
mat. While many sequences bear the highest identity to
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previously isolated phototrophic genera belonging to the Cya-
nobacteria, Chloroflexi, and Chlorobi phyla, there is also
frequent representation of uncultured, unclassified members
of these groups. Some genus-level representatives of these
dominant phyla were found in all mats, while others were
unique to a single mat. Other groups detected at high frequen-
cies include candidate divisions (such as the OP candidate
clades) with no cultured representatives or complete genomes
available. In addition, rRNA genes related to the recently
isolated and characterized photosynthetic acidobacterium
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“Candidatus Chloracidobacterium thermophilum” were
detected in most mats. In contrast to microbial mats from
well-studied hypersaline environments, the mesothermal mats
in this study accrue less biomass and are substantially less
diverse, but have a higher proportion of known phototrophic
organisms. This study provides sequences appropriate for
accurate phylogenetic classification and expands the molecu-
lar phylogenetic survey of Yellowstone microbial mats.

Introduction

Geothermal features in Yellowstone National Park (YNP)
have a rich history of microbiological investigation. Many
studies have focused on extreme microbial life that inhabit
spring waters and sediments of high-temperature pools in
YNP, sometimes with extremes of pH or other harsh ecological
selections [1-5]. Often, these high-temperature geothermal
springs cool to form mesothermal outflows (50-65°C), which
are commonly colonized by brightly colored microbial mats.
The mesothermal mats are the most conspicuous microbiolog-
ical feature seen by visitors to the park, thriving where macro-
biotic life is notably absent. The mats are typically orange
or green on their surface, with one or more colored layers
underneath, and vary in thickness from a few millimeters to
several centimeters. Microbial mats are known to harbor a
broad phylogenetic diversity of organisms and historically
have been a source for the discovery of novel microorganisms
[1, 6-13].

Previous studies have characterized the biogeochemistry
of specific Yellowstone springs [2, 4, 6, 11, 14—17]. Inves-
tigators have isolated organisms from some of these envi-
ronments [6, §, 12, 18-22], and dominant populations have
been studied using electrophoretic and sequence analyses
[14, 23]. Ribosomal RNA-based gene sequence studies have
provided information mainly on the nature of microbial
communities associated with thermal springs [4, 24, 25],
including evidence for variability in community composi-
tion based on temperature and depth profiles [3, 24, 26, 27].
Select sites such as Octopus Spring in the White Creek
group have been particularly well characterized [21, 23,
28, 29] by cultivation and molecular approaches, while
others, for example Obsidian Pool, have yet to see success-
ful cultivation of representatives of novel phylum-level
groups identified by molecular approaches.

To compare the phylogenetic composition of morphologi-
cally similar microbial mats, we conducted a culture-
independent rRNA gene sequence-based characterization of
six microbial mats associated with the mesothermal zones of
five geothermal hot springs in YNP. The mats we chose to
compare were somewhat distinct from each other and, in
general, do not represent extremes of pH, mineral content, or
temperature.
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Materials and Methods

Six mats from five springs were examined in this study. Spring
water temperature and pH were measured at each site, and
water samples were collected and stored frozen until ana-
lyzed with the PerkinElmer ICP-OES 3000 (Waltham,
MA). Analyses for ion and metal content (shown in Table 1)
were performed to the manufacturer’s specifications. Mat
samples were harvested using flame and ethanol-sterilized
equipment from physically similar mats, specifically mats
with orange, red, and green laminated layers. Stratified mat
layers were separated if feasible (Online resource 1; the sup-
plemental table shows the number of layers extracted from
each mat and the sequences derived from each layer). The
uppermost layer of each mat is designated as “top,” while all
layers beneath are designated as “deep” for purposes of
comparing the phylogeny associated with the uppermost vs.
lower layers. Specimens were frozen in a liquid nitrogen
dewar for transport to the laboratory, where samples were
stored at —80°C until DNA extraction.

Description of Geothermal Springs and Associated Mats

Obsidian Pool is a high-temperature (80°C) sulfate and
hydrogen-rich spring with a pH of 6.5. Outflow channels
(55°C) create mats characterized by green and orange colors,
often with a silica-rich crust that overlies (or intercalates with)
the cells of the mat itself.

Octopus Spring is an alkaline siliceous spring that hosts
lush green mats with bright orange underlayers in the radi-
ating effluent channels. The mats tend to grow in size and
complexity as the water drains away from the main vent and
gradually cools. The water overlying the mats on the south
side of the spring is approximately pH 7, and the tempera-
ture of the water is 62°C. Octopus Spring has received
widespread attention from the microbiology-related research
community for more than 40 years [1, 3, 7, 21, 23, 27,
29-32].

A small spring is located near Fairy Falls Bridge on the
northwest side of the steel bridge that crosses the Firehole
River at the Fairy Falls trail head in the Midway Geyser
Basin. This spring harbors mats that also exhibit the typical
green surface with thick orange underlayers as the water
(pH 9, 55.5°C) empties to the Firehole River.

Queen’s Laundry, a hot spring similar to Octopus Spring,
has a rich, few-centimeters-thick, multi-layered orange mat
that covers ~1,500 m? of area. Vent water (pH 8, ~88°C) exits
the spring to the northwest, where it quickly cools to ~67°C
and fans out across the active mesothermal mat zone. Two
distinct mat regions are supported by this spring, herein re-
ferred to as Queen’s Laundry North and Queen’s Laundry
Cabin (this spring is alternatively known as Red Terrace
Spring in some of the YNP literature).
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A small, boiling spring near the West Thumb geyser
basin has an outflow channel that is 50 m long and rich
with centimeters-thick green and orange mats. Water exits
the spring at 92°C and pH 7, rapidly cooling down in the
runoff channel to 62°C where the mats are firmly estab-
lished. These mats also accumulate silica and build up in
laminated layers that accrue as a prominent rock formation
on the west side of Yellowstone Lake. Herein, we refer to
this unnamed spring as the “West Thumb Spring.”

Nucleic Acid Extraction and rRNA Gene Amplification

Genomic DNA was extracted from six mats using mechan-
ical disruption (“beadbeating”) and solvent extraction [33].
Four of the mats contained discrete colored layers, and were
separated into two or more layers such that each colored
band (1-3 mm) was processed individually (see Online re-
source 1). Two of the mats were not cleanly stratified and were
therefore processed as a single layer. “Universal” primers
515F (5'-GTGCCAGCMGCCGCGGTAA-3") and 1391R
(5'-GACGGGCGGTGWGTRCA -3") [34] were used for
PCR amplification of small-subunit ribosomal RNA (SSU
rRNA) genes.

Sequence and Data Processing

PCR products were cloned, and sequences were generated
on a MegaBACE 1000 (GE) as previously reported [4].
DNA sequences (average length, ~750 nucleotides) were
processed with the Xplorseq open source software package
[35], aligned with the SINA aligner provided on the SILVA
website [36] and added to the guide tree provided with the
SILVA database (version 104 SSU Ref) by parsimony in-
sertion with the ARB software package [37]. Phylogenetic
identities were determined for each sequence by exporting
the SILVA 104 taxonomy lines from ARB. Each taxonomic
classification was used as a “bin,” or Operational Taxonom-
ic Unit (OTU), in order to compute biodiversity statistics.
For each mat, values calculated for observed species rich-
ness (Sopserved> 138]), predicted species richness, (Schaots
[38]), and Good’s coverage [39] are reported in Table 1. In
order to compare the similarity of the groups of organisms
found in each mat, we employed the Morisita—Horn index
[40] to calculate a pairwise similarity score for all mats
(Morisita—Horn statistics and graphic plot generated by
“Explicet,” unpublished software, Charles E. Robertson).

Phylogenetic Tree-Based Relationships to Sequences
Deposited in the SILVA Database

Initial phylogenetic relationships between acidobacterial
sequences were established via parsimony insertion (masked

with the pos var Bact104 filter) into the guide tree included
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with the SILVA 104 database. The parsimony-derived taxon-
omies were validated by casting 1,000 bootstrap trees with
RAXML (version 7.2.3) [41]. The bootstrap scores were an-
notated on the best scoring maximum likelihood tree found by
RAxML’s ML search function. A total of 1,812 sequences
(average length, ~750 nucleotides) were deposited in Gen-
Bank with accession numbers FI884901-FJ886712.

Results and Discussion

In this study, we generated long (~750 nucleotides on aver-
age) TRNA sequences with Sanger sequence technology in
order to identify organisms at a higher level of phylogenetic
resolution than afforded by high-volume datasets with
shorter sequences. Despite the trend of generating large
numbers of short sequences to describe microbial commu-
nities, recent work has shown that valid community com-
parisons are retained when using a limited set of sequences
to describe microbial communities [42].

Phylogenetic identifications were assigned to sequences
based on parsimony insertion into the SILVA (version 104
Ref) database. We used these taxonomic classifications to
bin the sequences into OTUs and measure the microbiolog-
ical “species” richness for each mat (Sypserveq)- Biodiversity
statistics (Schao1, Good’s coverage) were calculated and
indicated reasonable sampling coverage of the most abun-
dant microbial populations in the mats. The statistics also
indicated that one of the mats (Fairy Falls) is substantially
more diverse than the other mats. Fairy Falls mat was sampled
to a depth of over 500 sequences and has threefold higher
observed taxa compared to the West Thumb mat (also
with >500 sequences). However, although the predicted value
of taxa is 50% higher than those actually observed in Fairy
Falls, there were relatively few singletons (sequences ob-
served only once) in the sequence collection. Therefore, the
sampling coverage (Good’s estimate) was still greater than
90% for this most diverse mat.

All mats contained sequences indicative of the phyla
Cyanobacteria, Chloroflexi, and Chlorobi, while particular
mats also contained a high frequency of sequences repre-
sentative of Bacteroidetes, Acidobacteria, and the OP (OP9,
OP10, OD1) candidate clades (Fig. 1). At the genus level,
some members of the mat consortia were shared among all
mats (e.g., Roseiflexus spp., Synechococcus spp., Candida-
tus Chloracidobacterium in five of six mats), while others
were only abundant in a single mat (e.g., Fischerella spp. in
Obsidian Pool and candidate division OD1 in West Thumb
Pool). Few archaeal (~4.4% of total clones from the West
Thumb mat) and no eucaryal sequences were amplified from
mat DNAs with universal primers, and attempts with domain-
specific eucaryal and archaeal primers did not yield PCR
products.
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Synechococcus spp. were the dominant Cyanobacteria in
three of the six mats analyzed (Fig. 1). In Octopus Spring,
sequences indicative of Synechococcus spp. were the only
abundant cyanobacterial phylotype and bear the highest
identity (<5% sequence difference, data not shown) to
sequences recovered in previous studies of this spring [23,
32, 43]. In contrast, Fischerella spp. IRNA genes dominated
the Obsidian Pool mat library, and Synechococcus spp.
represented <1% of sequences. Leptolyngbya spp. were only
conspicuous in the Fairy Falls mat library. Roseiflexus spp.

®top layers DOdeep layers

Relative Abundance (%)
(=]

1

Phylotype

|11 FPA—"

10 11 12 13 14 15 16 17 18 19 20 21 22

(phylum Chloroflexi) rRNA genes were conspicuous in all
mat libraries, particularly in the deeper layers of the mats
(Fig. 2, ~28% vs. 12%). This pattern contrasts with that of
the Cyanobacteria, which are at least twice as prevalent in
top layers (see also Fig. 2). Similar patterns of stratification
by Cyanobacteria and Chloroflexi groups have been noted
in previous Yellowstone mat studies [2, 44].

Sequences representing the phylum Chlorobi (“green
sulfur bacteria”), another predominantly phototrophic phy-
lum, comprised between ~4% and ~8% of the sequences

1 Synechococcus spp. (Cyanobacteria)
M 2 Chloracidobacterium spp. (Acidobacteria)
3 OP10 (Candidate Division)
4 Subsection lll "uncultured” (Cyanobacteria)
§ Chlorobiaceae "uncultured” (Chlorobi)
6 Fischerella spp. (Cyanobacteria)
7 Leptolyngbya spp. (Cyanobacteria)
8 OP2 (Candidate Division)
9 Chiloroffexus spp. (Chloroflexi)
10 Flexibacter spp. (Bacteriodetes)
11 Rhodobacteraceae (Alphaproteobacteria)
12 Sphingobacteriales (Bacteriodetes)
13 Owenweeksia spp. (Bacteroidetes)
14 Thermus spp. (Dienococcus-Thermus)
15 Colwelliaceaea "uncultured” (Gammaproteo.)
16 Chiorobiales "OPBS56" (Chlorobi)
17 Chlorobiales "BSV26" (Chlorobi)
18 Anaerolineaceae "uncultured” (Chloroflexi)
19 Saprospiraceae "uncultured” (Baceteriodetes)
20 Caldilineaceae "uncultured” (Chloroflexi)
21 OD1 (Candidate Division)
22 Roseiflexus spp. (Chloroflexi)

Figure 2 Opposing rank abundance histograms (top layers vs. deep layers) of the 22 most prevalent bacterial phylotypes in all uppermost layers of
mats compared with all deeper layers of mats (includes only bacterial phylotypes represented by >1% abundance of total sequences)
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generated from each mat. Sequences representing an uncul-
tured, unnamed member of this phylum were more common
in the top layers of the mats (Fig. 2, phylotype 5; see also
Online resource 1). Conversely, sequences indicative of the
Chlorobi clades “OPB56” and “BSV26” were predominant in
the deeper layers (Fig. 2, phylotypes 16 and 17; see also
Online resource 1).

Sequences indicative of the phylum Acidobacteria
accounted for ~7% of the total sequences determined (the
fourth most abundant phylum detected) and were threefold
more prevalent in the top layers of mats than in deeper
layers (Fig. 2, phylotype 2). Nearly all of these sequences
bear high identity (>95%) to the rRNA of the recently
isolated photoheterotrophic acidobacterium “Candidatus
Chloracidobacterium thermophilum” (GenBank accession
no. EF531339.1, Fig. 3). Sequences representative of this
phylotype were detected in all mats but one, and three mats
had particularly high representation of Chloracidobacterium
spp. TRNA genes: Octopus Spring (8.6%), Fairy Falls
Bridge (8.5%), and Obsidian Pool (12.3%). This suggests
abundant and widespread distribution of organisms similar
to the C. thermophilum cultivar in the YNP mats we studied.

Sequences related to rRNA genes of proposed “candi-
date” bacterial phyla were identified in all mat libraries,
sometimes abundantly, but not necessarily uniformly
(Fig. 1). Sequences indicative of the ODI1 candidate phy-
lum, for instance, comprised 11.3% of the West Thumb mat
library but were not conspicuous in the other mats. Ribo-
somal RNA genes representative of candidate phylum
OP10, however, were detected in all mats and were partic-
ularly abundant in the Queen’s Laundry North mat. Here,
they were even more abundant (24.4%) than Synechococcus
spp. (20.7%) or Roseiflexus spp. (18.3%).

Sequences most closely related to those of the Saprospir-
aceae family (phylum Bacteroidetes) were particularly
abundant in the Octopus Spring (22%) and Queen’s Cabin
(21%) mats, but were not conspicuous in the other mats.
Members of the Saprospiraceae have been reported to in-
habit pelagic zones of freshwater habitats and are abundant
in activated sludge wastewater treatment systems [45]. To
our knowledge, they have not been previously reported in
microbial mat environments.

Archaeal sequences were not abundant in these mats. One
sequence that represents the terrestrial hot spring crenarch-
aeote group was recovered from Queen’s Laundry mat, and
one representative of the deep-sea hydrothermal vent eur-
yarchaeote group 6 was recovered from the Octopus Spring
mat. The only substantial prevalence of archaeal sequences in
any of the mats were 26 sequences of the crenarchaeote group
“Candidatus Nitrosocaldus yellowstonii” from a deep layer of
the West Thumb mat (~20% of the clones generated from that
layer), suggesting active archacal ammonia oxidation as a
possible biochemical theme in this system [46].
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Figure 3 Schematic representation of a phylogenetic dendrogram of
acidobacterial sequences (nodes with less than 50% bootstrap support
were collapsed). The rRNA sequence of Corynebacterium halotoler-
ans (AY226509) was used to root the tree

In order to compare the phylogenetic composition of the
mats we studied to each other, we employed the Morisita—
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Horn (MH) index [40] to elucidate similarity between the
mat communities based on the clone library data (Online
resource 2). We observed that the two mat communities that
bear the highest similarity to each other are West Thumb and
Queen’s North (MH score ~0.8). These mats have similar
temperature, pH, and ion content. When all mat communi-
ties are compared to the Octopus Spring mat community
(based on clone library data), we find that both of the
Queen’s Laundry mats and West Thumb mat have MH
scores >0.65, which indicates some similarity among these
four sites. Fairy Falls mat and Obsidian Pool mat communities
are more distantly related to Octopus (MH scores of approx-
imately 0.4). Obsidian Pool mat is the furthest outlier, with
MH scores of <0.5 when compared to all other mats. The
chemistry of Obsidian Pool is also the most different com-
pared to the chemistry of all four other springs (see Analyte
concentrations in bold type, Table 1).

We investigated whether the variation observed in phy-
logenetic composition between mat communities correlated
to measured geochemistry. Linear regressions were used to
correlate observed sequence relative abundances with ion
content from the pools (for example, Chlorobi sequence
abundance versus sulfur concentration). These regressions
resulted in values less than 0.8 for all OTU/ion pairs tested
and thus were deemed unconvincing (data not shown). A
lack of correlation between geochemistry and phylogeny
was also reported by Papke and colleagues, in a study that
investigated different springs worldwide and found differ-
ences in phylogenetic composition were not explained by
the chemical attributes that were measured [25].

In conclusion, we found general similarities at the phy-
lum level in rRNA gene sequence libraries generated from
different green—orange mesothermal microbial mats in Yel-
lowstone National Park. We report the frequent prevalence
of a recently isolated acidobacterial phylotype, and we note
conspicuous members of the Cyanobacteria, Chloroflexi,
and Chlorobi that have no close relatives that have been
isolated or otherwise classified. We also identify at least one
phylotype not previously reported to be associated with
Yellowstone mats (uncultured members of the Saprospira-
ceae in two of six mats). Moreover, our analyses indicate
relatively low diversity overall in these thinly stratified
microbial mats, which contrasts with the extravagant diver-
sity reported in thick, intensely stratified, temperate hyper-
saline mat systems [47—-50]. We speculate that the difference
in diversity content of the two types of mat systems is due to
their relative thickness, stabilities, and geochemical oppor-
tunities. Hypersaline mats studied by rRNA sequences, such
as the Guerrero Negro mat system, are typically well devel-
oped (>5-cm thickness) and stable over years, and lie pro-
tected under a meter of seawater [47, 48]. In contrast,
Yellowstone mesothermal mats typically are thin (<1 cm),
covered by only a few centimeters of water, are sometimes

disturbed by changes in water flow, weather, and wildlife,
and are subject to seasonal environmental variations in UV
intensity and air temperature. The more stable and massive
hypersaline mats are expected to accrue more biochemical
opportunities than the less-developed Yellowstone mats and
thereby expand the diversity supported by the local ecosys-
tem. Relatively low diversity is also encountered in thin-
bedded marine mats, consistent with the notion that accu-
mulation of biomass results in increased diversity [51, 52].
Although the YNP mats tend to be thin, we observed a
different distribution of phylotypes in top layers compared
with the deeper layers of mats, which indicates mat stratifica-
tion and possible variation in community function at different
depths in the mats. This study expands the knowledge
of Yellowstone mat ecosystems into members that may
not be morphologically conspicuous but because of
their abundance must be major contributors to the local
ecosystem.

Acknowledgments The authors acknowledge Christie Hendrix at the
Yellowstone Center for Resources for research permits to J.R.S. and N.
R.P. Funding for J.R.S. was provided by the U.S. Air Force Office of
Scientific Research (http://www.wpafb.af.mil/library/factsheets/factsheet.
asp?id=8131). Funding for N.R.P. was provided by the NASA Astrobi-
ology Institute at the University of Colorado-Boulder (http://lasp.
colorado.edu/life/). In addition, support was provided by grants to N.L.
H. and M.M.C. from Howard Hughes Medical Institute (http://www.
hhmi.org/about/) for outstanding undergraduate research at the University
of Colorado-Boulder (http://www.colorado.edu/UROPY/). Support to K. A.
R. and RM.T. was provided by institutional funds from the University of
Colorado-Boulder to foster training in RNA science. We thank members
of the Pace Lab for discussion and critique of the manuscript, as well as
Antonio Gonzilez of the Knight Lab (CU-Boulder) for consultation on
statistical analyses.

References

1. Brock TD (1978) Thermophilic microorganisms and life at high
temperatures. Springer, New York

2. Ferris MJ, Magnuson TS, Fagg JA, Thar R, Kiihl M, Sheehan KB,
Henson JM (2003) Microbially mediated sulphide production in a
thermal, acidic algal mat community in Yellowstone National Park.
Environ Microbiol 5:954-960

3. Ward DM and FM Cohan (2005) Microbial diversity in hot spring
cyanobacterial mats: pattern and prediction, geothermal biology
and geochemistry in Yellowstone National Park: Proceeding of the
Thermal Biology Institute Workshop, Yellowstone National Park,
WY., pp. 185-202 Montana State University Publications.

4. Spear JR, Walker JJ, McCollom TM, Pace NR (2005) Hydrogen
and bioenergetics in the Yellowstone geothermal ecosystem. Proc
Natl Acad Sci USA 102:2555-2560

5. Walker JJ, Spear JR, Pace NR (2005) Geobiology of a microbial
endolithic community in the Yellowstone geothermal environment.
Nature 434:1011-1014

6. Brock TD, Freeze H (1969) Thermus aquaticus gen. n. and sp. n., a
nonsporulating extreme thermophile. J Bacteriol 98:289-297

7. Reysenbach AL, Wickham GS, Pace NR (1994) Phylogenetic
analysis of the hyperthermophilic pink filament community in

@ Springer


http://www.wpafb.af.mil/library/factsheets/factsheet.asp?id=8131
http://www.wpafb.af.mil/library/factsheets/factsheet.asp?id=8131
http://www.wpafb.af.mil/library/factsheets/factsheet.asp?id=8131
http://lasp.colorado.edu/life/
http://lasp.colorado.edu/life/
http://www.hhmi.org/about/
http://www.hhmi.org/about/
http://www.colorado.edu/UROP/

K.A. Ross et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Octopus Spring, Yellowstone National Park. Appl Environ Microbiol
60:2113-2119

. Huber R, Eder W, Heldwein S, Wanner G, Huber H, Rachel R,

Stetter KO (1998) Thermocrinis ruber gen. nov., sp. nov., a pink-
filament-forming hyperthermophilic bacterium isolated from Yel-
lowstone National Park. Appl Environ Microbiol 64:3576-3583

. Hugenholtz P, Pitulle C, Hershberger KL, Pace NR (1998) Novel

division level bacterial diversity in a Yellowstone hot spring. J
Bacteriol 180:366-376

. Castenholz RW, Ward DM (2000) Cyanobacteria in geothermal

habitats, the ecology of cyanobacteria: their diversity in time and
space. Springer, Berlin, pp 37-59

Boomer SM, Lodge DP, Dutton BE, Pierson B (2002) Molecular
characterization of novel red green nonsulfur bacteria from five
distinct hot spring communities in Yellowstone National Park. Appl
Environ Microbiol 68:346-355

Johnson DB, Okibe N, Roberto FF (2003) Novel thermo-
acidophilic bacteria isolated from geothermal sites in Yellowstone
National Park: physiological and phylogenetic characteristics.
Arch Microbiol 180:60-68

Jaenicke R and R Sterner (2006) Life at high temperatures. The
Prokaryotes, pp. 167-209.

Jackson CR, Langner HW, Donahoe-Christiansen J, Inskeep WP,
McDermott TR (2001) Molecular analysis of microbial community
structure in an arsenite-oxidizing acidic thermal spring. Environ
Microbiol 3:532-542

Langner HW, Jackson CR, McDermott TR, Inskeep WP (2001)
Rapid oxidation of arsenite in a hot spring ecosystem, Yellowstone
National Park. Environ Sci Technol 35:3302-3309

Nordstrom DK, Ball JW, and McCleskey RB (2005) Ground water
to surface water: chemistry of thermal outflows in Yellowstone
National Park, geothermal biology and geochemistry in Yellow-
stone National Park: Proceeding of the Thermal Biology Institute
Workshop, Yellowstone National Park, WY., pp. 73-94 Montana
State University Publications.

Inskeep WP, Rusch DB, Jay ZJ, Herrgard MJ, Kozubal MA,
Richardson TH, Macur RE, Hamamura N, Jennings R, Fouke
BW, Reysenbach A-L, Roberto F, Young M, Schwartz A, Boyd
ES, Badger JH, Mathur EJ, Ortmann AC, Bateson M, Geesey G,
Frazier M (2010) Metagenomes from high-temperature chemo-
trophic systems reveal geochemical controls on microbial commu-
nity structure and function. PLoS One 5:€9773

Jackson TJ, Ramaley RF, Meinschein WG (1973) Thermomi-
crobium, a new genus of extremely thermophilic bacteria. Int J
Syst Bacteriol 23:28-36

Pierson BK, Castenholz RW (1974) A phototrophic gliding fila-
mentous bacterium of hot springs, Chloroflexus aurantiacus, gen.
and sp. nov. Arch Microbiol 100:5-24

Allewalt JP, Bateson MM, Revsbech NP, Slack K, Ward DM
(2006) Effect of temperature and light on growth of and photosyn-
thesis by synechococcus isolates typical of those predominating in
the Octopus Spring microbial mat community of Yellowstone
National Park. Appl Environ Microbiol 72:544-550

Bryant DA, Costas AMG, Maresca JA, Chew AGM, Klatt
CG, Bateson MM, Tallon LJ, Hostetler J, Nelson WC,
Heidelberg JE, Ward DM (2007) Candidatus Chloracidobacterium
thermophilum: an aerobic phototrophic acidobacterium. Science
317:523-526

van der Meer MTJ, Klatt CG, Wood J, Bryant DA, Bateson MM,
Lammerts L, Schouten S, Sinninghe Damste JS, Madigan MT,
Ward DM (2010) Cultivation and genomic, nutritional, and lipid
biomarker characterization of Roseiflexus strains closely related to
predominant in situ populations inhabiting Yellowstone hot spring
microbial mats. J Bacteriol 192:3033-3042

Ferris M, Ward D (1997) Seasonal distributions of dominant 16S
rRNA-defined populations in a hot spring microbial mat examined

@ Springer

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

by denaturing gradient gel electrophoresis. Appl Environ Micro-
biol 63:1375-1381

Miller SR, Strong AL, Jones KL, Ungerer MC (2009) Bar-coded
pyrosequencing reveals shared bacterial community properties
along the temperature gradients of two alkaline hot springs in
Yellowstone National Park. Appl Environ Microbiol 75:4565—
4572

Papke RT, Ramsing NB, Bateson MM, Ward DM (2003) Geo-
graphical isolation in hot spring cyanobacteria. Environ Microbiol
5:650-659

Boomer SM, Noll KL, Geesey GG, and BE Dutton (2009) Forma-
tion of multilayered photosynthetic biofilms in an alkaline thermal
spring in Yellowstone National Park, WY, USA. Appl. Environ.
Microbiol. AEM.01802-08.

Ward DM, Bateson MM, Ferris MJ, Kiihl M, Wieland A, Koeppel
A, Cohan FM (2006) Cyanobacterial ecotypes in the microbial mat
community of Mushroom Spring (Yellowstone National Park,
Wyoming) as species-like units linking microbial community com-
position, structure and function. Philos Trans R Soc London Series
B, Biological Sciences 361:1997-2008

Stahl DA, Lane DJ, Olsen GJ, Pace NR (1985) Characterization of
a Yellowstone hot spring microbial community by 5S rRNA
sequences. Appl Environ Microbiol 49:1379-1384

Ward DM, Weller R, Bateson MM (1990) 16S rRNA sequences
reveal uncultured inhabitants of a well-studied thermal community.
FEMS Microbiol Rev 6:105-115

Steunou A-S, Bhaya D, Bateson MM, Melendrez MC, Ward DM,
Brecht E, Peters JW, Kiihl M, Grossman AR (2006) In situ analysis
of nitrogen fixation and metabolic switching in unicellular thermo-
philic cyanobacteria inhabiting hot spring microbial mats. Proc
Natl Acad Sci USA 103:2398-2403

Kilian O, Steunou A-S, Fazeli F, Bailey S, Bhaya D, Grossman AR
(2007) Responses of a thermophilic synechococcus isolate from the
microbial mat of Octopus Spring to light. Appl Environ Microbiol
73:4268-4278

Bhaya D, Grossman AR, Steunou A-S, Khuri N, Cohan FM,
Hamamura N, Melendrez MC, Bateson MM, Ward DM, Heidelberg
JF (2007) Population level functional diversity in a microbial com-
munity revealed by comparative genomic and metagenomic analy-
ses. ISME J 1:703-713

Dojka MA, Hugenholtz P, Haack SK, Pace NR (1998) Microbial
diversity in a hydrocarbon- and chlorinated-solvent-contaminated
aquifer undergoing intrinsic bioremediation. Appl Environ Microbiol
64:3869-3877

Lane DJ, Pace B, Olsen GJ, Stahl DA, Sogin ML, Pace NR (1985)
Rapid determination of 16S ribosomal RNA sequences for phylo-
genetic analyses. Proc Natl Acad Sci 82:6955-6959

Frank D (2008) XplorSeq: a software environment for integrated
management and phylogenetic analysis of metagenomic sequence
data. BMC Bioinformatics 9:420

Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, Peplies J,
Glockner FO (2007) SILVA: a comprehensive online resource for
quality checked and aligned ribosomal RNA sequence data compat-
ible with ARB. Nucleic Acids Res 35:7188-7196

Ludwig W, Strunk O, Westram R, Richter L, Meier H, Yadhukumar
A, Buchner T, Lai S, Steppi G, Jobb W, Forster 1, Brettske S, Gerber
AW, Ginhart O, Gross S, Grumann S, Hermann R, Jost A, Konig T,
Liss R, Liiimann M, May B, Nonhoff B, Reichel R, Strehlow A,
Stamatakis N, Stuckmann A, Vilbig M, Lenke T, Ludwig AB,
Schleifer K (2004) ARB: a software environment for sequence data.
Nucleic Acids Res 32:1363—-1371

Chao A (1984) Nonparametric estimation of the number of classes
in a population. Scand J Stat 11:265-270

Kemp PF, Aller JY (2004) Bacterial diversity in aquatic and other
environments: what 16S rDNA libraries can tell us. Ecol FEMS
Microbiol 47:161-177



Phototrophic Phylotypes Dominate Mesothermal Microbial Mats

40.

41.

42.

43.

44,

45.

Magurran AE (2004) Measuring biological diversity. Blackwell
Publishing Company, Boston

Stamatakis A, Ludwig T, Meier H (2005) RAXML-III: a fast
program for maximum likelihood-based inference of large phylo-
genetic trees. Bioinforma (Oxf, Engl) 21:456-463

Kuczynski J, Costello EK, Nemergut DR, Zaneveld J, Lauber
CL, Knights D, Koren O, Fierer N, Kelley ST, Ley RE,
Gordon JI, Knight R (2010) Direct sequencing of the human
microbiome readily reveals community differences. Genome Biol
11:210

Ferris M, Ruff-Roberts A, Kopczynski E, Bateson M, Ward
D (1996) Enrichment culture and microscopy conceal diverse
thermophilic synechococcus populations in a single hot spring mi-
crobial mat habitat. Appl Environ Microbiol 62:1045-1050
Ramsing NB, Ferris MJ, Ward DM (2000) Highly ordered vertical
structure of synechococcus populations within the one-millimeter-
thick photic zone of a hot spring cyanobacterial mat. Appl Environ
Microbiol 66:1038-1049

Xia Y, Kong Y, Nielsen PH (2007) In situ detection of protein-
hydrolysing microorganisms in activated sludge. FEMS Microbiol
Ecol 60:156-165

46.

47.

48.

49.

50.

S1.
52.

de la Torre JR, Walker CB, Ingalls AE, Konneke M, Stahl DA
(2008) Cultivation of a thermophilic ammonia oxidizing archacon
synthesizing crenarchaeol. Environ Microbiol 10:810-818

Spear JR, Ley RE, Berger AB, Pace NR (2003) Complexity in
natural microbial ecosystems: the Guerrero Negro experience. Biol
Bull 204:168-173

Ley RE, Harris JK, Wilcox J, Spear JR, Miller SR, Bebout BM,
Maresca JA, Bryant DA, Sogin ML, Pace NR (2006) Unexpected
diversity and complexity of the Guerrero Negro hypersaline micro-
bial mat. Appl Environ Microbiol 72:3685-3695

Feazel LM, Spear JR, Berger AB, Harris JK, Frank DN, Ley RE,
Pace NR (2008) Eucaryotic diversity in a hypersaline microbial
mat. Appl Environ Microbiol 74:329-332

Robertson CE, Spear JR, Harris JK, Pace NR (2009) Diversity and
stratification of Archaea in a hypersaline microbial mat. Appl
Environ Microbiol 75:1801-1810

Valiela I (1995) Marine ecological processes. Springer, Berlin
Baumgartner LK, Dupraz C, Buckley DH, Spear JR, Pace NR,
Visscher PT (2009) Microbial species richness and metabolic
activities in hypersaline microbial mats: insight into biosignature
formation through lithification. Astrobiology 9:861-874

@ Springer



	Phototrophic Phylotypes Dominate Mesothermal Microbial Mats Associated with Hot Springs in Yellowstone National Park
	Abstract
	Introduction
	Materials and Methods
	Description of Geothermal Springs and Associated Mats
	Nucleic Acid Extraction and rRNA Gene Amplification
	Sequence and Data Processing
	Phylogenetic Tree-Based Relationships to Sequences Deposited in the SILVA Database

	Results and Discussion
	References


