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The Yellowstone geothermal complex has yielded foundational discoveries that have significantly
enhanced our understanding of the Archaea. This study continues on this theme, examining
Yellowstone Lake and its lake floor hydrothermal vents. Significant Archaea novelty and diversity
were found associated with two near-surface photic zone environments and two vents that varied in
their depth, temperature and geochemical profile. Phylogenetic diversity was assessed using
454-FLX sequencing (B51 000 pyrosequencing reads; V1 and V2 regions) and Sanger sequencing of
200 near-full-length polymerase chain reaction (PCR) clones. Automated classifiers (Ribosomal
Database Project (RDP) and Greengenes) were problematic for the 454-FLX reads (wrong domain or
phylum), although BLAST analysis of the 454-FLX reads against the phylogenetically placed full-
length Sanger sequenced PCR clones proved reliable. Most of the archaeal diversity was associated
with vents, and as expected there were differences between the vents and the near-surface photic
zone samples. Thaumarchaeota dominated all samples: vent-associated organisms corresponded
to the largely uncharacterized Marine Group I, and in surface waters, B69–84% of the 454-FLX reads
matched archaeal clones representing organisms that are Nitrosopumilus maritimus-like (96–97%
identity). Importance of the lake nitrogen cycling was also suggested by 45% of the alkaline vent
phylotypes being closely related to the nitrifier Candidatus Nitrosocaldus yellowstonii. The
Euryarchaeota were primarily related to the uncharacterized environmental clones that make up
the Deep Sea Euryarchaeal Group or Deep Sea Hydrothermal Vent Group-6. The phylogenetic
parallels of Yellowstone Lake archaea to marine microorganisms provide opportunities to examine
interesting evolutionary tracks between freshwater and marine lineages.
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Introduction

Based primarily on the characterization of cultivated
specimens, early work suggested that the Archaea
were predominantly extremophiles, being found in
high temperature, acidic, hypersaline or strictly
anoxic habitats (Woese et al., 1990; DeLong 1998).
The ‘extremophile stereotype’ (Robertson et al.,
2005) now needs to be set aside as less biased
molecular techniques have revealed the Archaea to
be ubiquitous. A few examples of major ecosystems
inhabited by Archaea include marine waters (DeLong,
1992; Fuhrman et al., 1992) and sediments (Boetius
et al., 2000; Orphan et al., 2002), soils (for example,
Bintrim et al., 1997; Jurgens et al., 1997; Buckley

et al., 1998; Sandaa et al., 1999; Simon et al., 2000;
Ochsenreiter et al., 2003) and freshwater bodies of
various sizes (MacGregor et al., 1997, 2001; Schleper
et al., 1997; Pernthaler et al., 1998; Glockner et al.,
1999; Jurgens et al., 2000; Keough et al., 2003;
Urbach et al., 2007; Lliros et al., 2008).

Still, extreme environments remain understudied
with respect to Archaea diversity and discovery.
The Yellowstone geothermal complex is an excellent
example of an extreme environment known to be
prime archaeal habitat. It is estimated to be
comprised of an excess of 10 000 geysers, mud pots,
springs and vents, as well as heated soils. The
diverse combinations of chemistry and temperature
provide numerous environments capable of support-
ing phylogenetically and functionally diverse micro-
bial populations. Indeed, from a single pool in
Yellowstone (Obsidian Pool), Barns et al. (1994)
described phylogenetic diversity that essentially
tripled the then known archaeal phylogeny. Since
then, Yellowstone’s geothermal features have contin-
ued to yield important discoveries that have docu-
mented novel Archaea and their viruses in both
cultivation-based and -independent studies (Barns
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et al., 1994, 1996; Meyer-Dombard et al., 2005; Young
et al., 2005; de la Torre et al., 2008; Elkins et al., 2008).

We have extended work in Yellowstone to the
study of the hydrothermal vents on the floor of
Yellowstone Lake (Supplementary Figure S1). The
northern half of the lake, spanning from the West
Thumb region to Mary Bay (Supplementary Figure S1),
accounts for B10% of the total geothermal flux in
Yellowstone National Park (YNP) (Balistrieri et al.,
2007). Recent surveys of Yellowstone Lake have
employed bathymetric, seismic and submersible
remotely operated vehicle (ROV) equipment to
document hundreds of lake floor vent features
(Morgan et al., 2003, 2007; Balistrieri et al., 2007).
Efforts summarized herein focus on the character-
ization of the archaeal populations associated with
two of these vents as well as in non-thermal, near-
surface waters. Geochemical profiling is included to
provide environmental context to the microbial
diversity data.

Materials and methods

Sampling locations and geochemical analysis
Vents and vent fields were located from global
information system coordinates established from past
USGS surveys (for example, Morgan et al., 1977,
2007). Hydrothermal vents chosen for this study are
located in the Inflated Plain and West Thumb regions
of Yellowstone Lake, YNP. The coordinates of the
vents are as follows: Inflated Plain Vent-329 (Inflated
Plain region, 441 32.1110 N, 1101 21.2400 W), Otter
Vent-332 (West Thumb region, 441 26.6040 N, 1101
33.9700 W), West Thumb Deep Vent-339 (West
Thumb region, 441 25.1770 N, 1101 31.4070 W) and
West Thumb Vent-342 (441 25.1770 N, W1101 31.4070

W). The relative locations for each site in the lake are
shown in Supplementary Figure S1.

Water sampling and analysis
The ROV was described previously (Lovalvo et al.,
2010) and microbial and geochemical sampling
methods were as described by Clingenpeel et al.
(2011). Briefly for microbial samples, 100–300 l of
lake/vent water was pumped through a 20mm
prefilter into 50 l carboys on the boat deck. Before
use, the carboys were sterilized by either autoclav-
ing or by soaking with 10% bleach, followed by
rinsing with autoclaved deionized water. Using
techniques previously described for the global ocean
survey (Rusch et al., 2007), lake and vent water was
size fractionated by serial filtration through 3.0, 0.8
and 0.1 mm membrane filters. Filters were sealed in
plastic bags and frozen at �20 1C for transport to the
laboratory, where they were stored at �80 1C.

DNA extraction
Filters were aseptically cut into quarters with sterile
scalpels, with one quarter placed in a sterile 50 ml
tube for DNA extraction. Unused filter samples were

refrozen and stored at �80 1C. The filter sample was
cut into small pieces and 15 ml of buffer (Tris-HCl,
0.1 M; EDTA, 0.1 M; sucrose, 0.8 M; pH 8) was added.
Lysozyme was added to a final concentration of
1 mg ml�1 and the solution was incubated at 37 1C
for 30 min. Proteinase K was added to a final
concentration of 0.1 mg ml�1 and sodium dodecyl
sulfate was added to a final concentration of 1%
(w v�1). This mixture was incubated at 37 1C for 4 h.
Polysaccharides and residual proteins were aggre-
gated by the addition of hexadecyltrimethyl ammo-
nium bromide to a final concentration of 1% (w v�1)
and sodium chloride at a final concentration of
0.14 M, and the mixture then incubated at 65 1C for
30 min. DNA was purified by two rounds of extrac-
tion with phenol–chloroform–isoamyl alcohol
(25:24:1), followed by two rounds of chloroform–
isoamyl alcohol (24:1). DNA was precipitated by the
addition of an equal volume of isopropanol with
incubation at �20 1C for 2 h, followed by centrifuga-
tion (13 000 g, 15 min). The DNA pellet was washed
twice with 70% ethanol and resuspended in TE
buffer (Tris-HCl, 10 mM; EDTA, 1 mM; pH 8).

Pyrosequencing
The V1 and V2 regions of the archaeal 16S rRNA
encoding gene were targeted using two forward
primers A2Fa: 50-TTCCGGTTGATCCYGCCGGA-30

and N3F: 50-TCCCGTTGATCCTGCG-30 coupled with
one reverse primer A571R: 50-GCTACGGNYSCTTT
ARGC-30 (Baker et al., 2003) with sequencing
occurring from the 30 end of the amplicons. The
polymerase chain reaction (PCR) mix was 50 ml,
containing 1.5 mM MgCl2, 20mg bovine serum albu-
min, 0.2 mM each dNTP, 1mM each primer and
1.25 U Taq polymerase. The PCR program was
94 1C for 5 min, 25 cycles of 94 1C for 1 min, 55 1C
for 1 min, and 72 1C for 1 min, 72 1C for 7 min and
4 1C hold. After 25 cycles of amplification, five more
cycles were used to add the sample-specific
barcodes and the adaptor sequences required for
454-FLX pyrosequencing. The barcode sequences
used were selected from the list provided by
Hamady et al. (2008). The barcoded 16S rRNA gene
PCR amplicons obtained from the different environ-
ments were pooled according to their relative
amplicon abundance (determined under standar-
dized PCR conditions) so that the different environ-
ments were proportionally represented in the
pooled amplicon that was then pyrosequenced
using 454-GS FLX sequencer version of 454 Life
Sciences (Branford, CT, USA) (Margulies et al.,
2005) at the JC Venter Institute sequencing center.

PCR clone libraries
Amplification of the 16S rRNA gene for the produc-
tion of clone libraries was performed using two pairs
of primers, 8aF and 1513R (Eder et al., 1999), and
N3F and N1406R (Huber et al., 2002). The PCR mix
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was 50 ml containing 1.5 mM MgCl2, 20 mg bovine
serum albumin, 0.2 mM each dNTP, 1mM each
primer and 1.25 U Taq polymerase. The PCR
program was 94 1C for 5 min, 30 cycles of 94 1C for
1 min, 54 1C for 1 min, and 72 1C for 1 min, 72 1C for
7 min and 4 1C hold. PCR products were cloned
using the TOPO TA Cloning Kit (Invitrogen Corp.,
Carlsbad, CA, USA), following the manufacturer’s
instructions. Individual clones were cultured and
their plasmids purified using the QIAprep Spin
Miniprep Kit (Qiagen, Valencia, CA, USA). Inserts in
each were sequenced from two ends using Big Dye
Terminator chemistry (Applied Biosystems, Foster
City, CA, USA) and the Applied Biosystems
3100 Genetic Analyzer. Chimeric sequences were
screened by the ‘CHIMERA DETECTION’ program of
the Ribosomal Database Project (RDP) (Maidak et al.,
1997) and removed from further analysis.

Data analysis
Near-full-length clone libraries were aligned,
trimmed and then initially classified using BLAST
(Altschul et al., 1990). Neighbor-joining distance
trees were constructed using the MacVector 10.0
software package (GCG) and bootstrapping was
based on 1000 resampling data sets. The grouping
of full-length clone sequences was accomplished
using the ARB software (Ludwig et al., 2004) and the
latest released Silva 102 database (Pruesse et al.,
2007). For pyrosequencing libraries, the pyrose-
quencing reads were quality trimmed according to
Kunin et al. (2010), followed by clustering using an
abundance-sorted preclustering as per Huse et al.
(2010) and a final complete linkage (furthest
neighbor) clustering using the mothur software
(Schloss et al., 2009). Statistical analysis of opera-
tion of taxonomical units (OTU) richness via
rarefaction, Chao1 and ACE (abundance-based cov-
erage) estimates were performed in mothur, with the
pyrosequencing data sets all normalized to the same
number of reads. Statistical analysis of OTU rich-
ness via rarefaction, Chao1 and ACE estimates were
performed as described in Roesch et al. (2007).
Pyrosequencing reads were classified using three
methods: (i) the Ribosomal Database Project (RDP)
classifier (Wang et al., 2007; Cole et al., 2009); (ii)

Greengenes (DeSantis et al., 2006); and (iii) by
comparing the 454-FLX reads to the near-full-length
clone sequences using BLAST (Altschul et al.,
1990). For the RDP classifier, default classifier
conditions were applied, and for Greengenes, the
sequences were batch aligned using the Compare
Align tool, setting the match requirements at a
minimum length of 50 bases and minimum identity
set at 75%. For BLAST matching the 454-FLX reads
to the full-length clones, match criteria required
X97% identity for X95% of the read length. DNA
pyrosequences are available in the following
GenBank SRA Accession No. SRA027147.1.

Results

Geochemical analysis
Sampling focused on regions of the lake where
significant hydrothermal vent fields are known to
occur (Morgan et al., 2003, 2007; Supplementary
Figure S1). And as a control, samples were also taken
from the Southeast Arm (Supplementary Figure S1),
which is located well outside the caldera boundary,
is most proximal to the major lake input (Yellowstone
River) and where extensive USGS surveys suggest
that geothermal vents are absent (Morgan et al., 1977,
2007). We recently reported a comprehensive geo-
chemical analysis description of the four sites
considered in this report as well as several other
lake sites (Clingenpeel et al., 2011). These geochem-
ical descriptions for the four sites are also provided
here in Table 1 and Supplementary Table S1. In
general, chemistry of the different vent waters
(Table 1) was within the range of previous reports
(Aguilar et al., 2002; Cuhel et al., 2002; Remsen et al.,
2002). The two vents highlighted here were similar in
temperature, but differed in pH and depth in relation
to the lake surface. The vents also differed with
respect to various important gases such as CO2, O2

and CH4 (Table 1), but contained similar concentra-
tions of H2. The Inflated Plain surface water samples
were obtained directly within a significant gas plume
that was visually evident by profuse bubbles rising to
the surface. H2, CH4 and CO2 levels in this sample
were significantly greater than in surface waters at
the Southeast Arm location (Table 1).

Table 1 Summary of prominent geochemical characteristics of the Yellowstone Lake environments examined for archaeal diversity

Sampling site Select physicochemical measurements

Depth
(m)

pH
(1C)

Temp.
(mM)

CO2

(aq) (mM)
S2�

(aq) (mM)
O2

(aq) (mM)
CH4

(aq) (nM)
H2

(aq) (mM)
NH4

(mM)

Inflated Plain Photic 2.7 6.9 10.9 0.02 bda 234 0.2 114 2.8
Southeast Arm Photic 2.5 7.0 10.6 0.01 bd 234 0.1 10 2.8
West Thumb Otter Vent 4.3 8.4 63–68 0.01 bd 26 0.1 43 2.8
West Thumb Deep Vent 52.0 6.2 60–66 1.65 2.1 113 6.4 49 12.1

Data shown is a subset of a more complete description in Clingenpeel et al. (2011).
abd¼below detection, detection limits: 0.3 mM S2�, 2.7 mM S2O3

2�, 4.2 mM PO4
3�, 0.3 mM Al, 0.1 mM Mn, 0.1mM Fe, 0.1mM Se, 0.03 mM Mo, 0.01mM W

and 0.02mM Pb.
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Microbial community analysis: pyrosequencing
Diversity analysis in this study focused on only the
40.1–0.8omm size class. For a single 1/2 plate
454-FLX pyrosequencing run, a total of 333 272
reads were generated (including amplicons gener-
ated with Bacteria-specific primers; see Clingenpeel
et al., 2011). Of these, 51 017 were generated
with the archaeal primers (Supplementary
Table S2). The lower proportion of the total archaeal
454-FLX reads reflects their approximate contribu-
tion to total lake microbial community composition
as judged by archaeal amplicon strength from all
lake samples and domain-specific primer sets; that
is, all PCRs were optimized, however the archaeal
amplicon strength was considerably less than that
obtained for the Bacteria primer sets. Hence, it was
concluded that the archaeal amplicons reflected
minority abundance relative to Bacteria, and
consequently comprised a commensurate minority
proportion of the total amplicon pool submitted for
pyrosequencing.

The pyrosequencing statistics reflected the
expected proportional read number composition
and suggested that for all but one amplicon pool
component the sequencing capacity of the 454-FLX
technology employed was attained (average read
length¼ 232 bp; Supplementary Table S2). Follow-
ing quality trimming protocols suggested by Kunin
et al. (2010), 37 361 reads were then prepared for
analysis. Collector’s curve analysis (Figure 1), and
Chao1 and ACE richness estimates (Table 2)
suggested that there was considerable archaeal
diversity associated with each of these lake environ-
ments. The greatest diversity was found associated
with the heavier sampled vent waters, followed by
significantly lower estimates for the near-surface
photic zone waters (Figure 1 and Table 2). In
examining the unique distribution of the 454-FLX
read OTUs (set at 97% identity), 28% were only
found in the West Thumb Deep Vent and 41% were
unique to the alkaline pH Otter Vent (Figure 2). The
majority of archaeal phylotypes were found in the
extreme environments of the vent waters, with
OTUs present in one or both vents making up 76%
of the total, whereas only 1.4% were found in all
four lake environments (Figure 2).

For taxonomic classification of the pyrosequen-
cing reads, the automated classifiers at the RDP and
at Greengenes proved problematic. Neither classifier
has the category of Thaumarchaeota and so for this
comparison the Thaumarchaeal sequences are con-
sidered to be Crenarchaea. To illustrate the problems
encountered, Table 3 compares classification results
obtained for the following: (i) the entire 454-FLX
data set for the Inflated Plain (10 580 reads) assessed
using the RDP classifier; (ii) a random 500 read
sample from the Inflated Plain data set examined
using the more time-consuming Greengenes
‘Compare’ tool that first aligns and then classifies
using RDP, Hugenholtz and NCBI taxonomies; and
(iii) BLAST comparison of the 454-FLX reads against

Figure 1 Collector’s curves estimating numbers of Archaea
OTUs identified for all samples, and as a function of sequence
identity set at 97% and quality screened as described by Kunin
et al. (2010).

Table 2 Richness estimates for total archaeal 16S rRNA gene
sequences derived from Yellowstone Lake

Sample Richness estimator

ACE Chao1 Rarefaction

West Thumb Deep Vent 255±37a 197±30 233±2
West Thumb Otter Vent 245±27 224±23 273±3
Inflated Plain Surface 74±4 74±5 83±1
Southeast Arm Surface 158±17 164±23 166±2

Abbreviations: ACE, abundance-based coverage; OUT, operational
taxonomic unit.
Estimates were derived from OTUs assigned based on 97% sequence
identity.
aMean±s.d.

Figure 2 Proportional occurrence of 454-FLX Archaea OTUs
unique to each of the designated lake locations. OTUs were
assigned based on 97% identity match. DV, West Thumb Deep
Vent; OV, Otter Vent; IP, Inflated Plain Photic Zone; SEA,
Southeast Arm Photic Zone.
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the Sanger-sequenced near-full-length PCR clones
(discussed more fully below). In the complete
Inflated Plain data set, the RDP classifier could not
classify approximately 12% of the reads and
determined that roughly 14% belonged to the
domain Bacteria (Table 3). Of the 73.7% of the reads
classified in the domain Archaea, nearly half could
not be placed at the phylum level, with roughly 53%
being incorrectly classified as Euryarchaeota
(Table 3). These results are in variable contrast to
that obtained from Greengenes. Close to 10% did not
pass the low stringency alignment constraint
imposed (475% identity across at least 50 bases).
Of those that were aligned, the RDP and Hugenholtz
taxonomies within Greengenes both incorrectly
classified the reads as approximately 88% Bacteria,
with the balance further incorrectly classified as
Euryarchaeota (Table 3). By contrast, the Greengenes
NCBI taxonomy determined that B84% of the
aligned reads belonged to the domain Archaea, with
all but one read being Euryarchaeota (Table 3). These
results were in sharp disagreement with a separate
analysis, where the same 500 read Inflated Plain
subsample was compared to the full-length PCR
clones that had been determined to be all Archaea
(via manual BLAST analysis against the GenBank
database and phylogenetic analysis) and to repre-
sent the Euryarchaeota and the Crenarchaeota (see
below). In this analysis, 16.2% of the reads did not
match any of the full-length clones using more
stringent criterion (X97% identity for X95% of the
pyrosequencing read length), with the majority of
the classifiable reads being determined to belong to
the Crenarchaeota (Table 3).

To further examine these discrepancies, indivi-
dual 454-FLX reads that had been incorrectly

classified by Greengenes were individually BLAST
searched against the Greengenes database. All such
searches yielded correct classifications and in
agreement with the results obtained when the reads
had been compared to the full-length clones. That is,
Greengene BLAST results were internally inconsis-
tent with the automated classifier. BLAST searches
of the same individual read samples at GenBank
again generated results consistent with that obtained
via full-length comparisons.

Sanger sequencing of near-full-length PCR clones
A total of 384 near-full-length amplicons were
screened with a single sequencing read for con-
firmation of valid archaeal sequence and for select-
ing clones for full-length sequencing and
phylogenetic analysis (200 clones total). These
PCR clones allowed for longer taxonomic strings
and were important for examining archaeal diversity
at finer taxonomic resolution than allowed by the
454-FLX sequences. The majority of clones retrieved
from the lake were vent associated and related to
Marine Group 1 (recently proposed as phylum
Thaumarchaeota), Candidatus Nitrosocaldus, and
unclassified and miscellaneous crenarchaeal groups
(Figure 3 and Supplementary Figures S2–S5). Ow-
ing to the relative lack of cultured and characterized
Archaea, putative functional information was infre-
quent, although there were a few important excep-
tions. Clone group YLCG-1.1 was 96–97% identical
to the cultured organism Nitrosopumilus maritimus,
a Thaumarchaeal marine nitrifier (Könneke et al.,
2005). The organism(s) represented by this phylo-
type dominated the Inflated Plain and Southeast
Arm photic zones, accounting for 83.8 and 68.7% of

Table 3 Classification (%) of the archaeal 454-FLX reads using different methods of classification

Taxon Classification method

Greengenes classifier
(taxonomy)

RDP classifier BLAST comparison to near-full-length clones RDP Hugenholtz NCBI

Complete
Inflated Plain

454-FLX read set

500 Read
Inflated Plain
subsample

Inflated
Plain

Southeast
Arm

West Thumb
Deep Vent

West Thumb
Otter Vent

500 Read Inflated
Plain subsample

Unclassified 12.1 16.2a 15.2a 27.3a 10.9a 28.0a 9.8b 9.8b 9.8b

Bacteria 14.2 88.5 87.0 15.9
Archaea 73.7 11.5 13.0 84.1

Unclassified Archaeac 45.0
Crenarchaeotac 1.5 82.8 84 68.7 87.6 37.7 0.0 0.0 1 read
Euryarchaeotac 52.6 1.0 0.8 4.0 1.6 34.3 100.0 100.0 499.9

Abbreviations: NCBI, National Center for Biotechnology Information; RDP, Ribosomal Database Project.
For the RDP classifier, the entire Inflated Plain data set (10 580 reads after quality trimming) was employed. For the Greengenes classifier and
BLAST comparison with full-length PCR clones, a 500 read subsample from the Inflated Plain data set was used to show contrasting results.
aFailed to match any of the 200 near-full-length clones based on the criterion of 97% match over 95% length of the 454-FLX read.
bPercent of reads that failed the initial alignment criteria of 475% identity over a minimum of 50 bases.
c% of all reads classified as Archaea.
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the 454-FLX reads in these samples, respectively
(Figure 3 and Supplementary Figure S2). Another
interesting near match to a cultured archaeaon and
that again functionally linked with nitrogen cycling
were clone groups YLCG-2.1 and YLCG-2.2, which
were closely related (96–99% identical) to the

Crenarchaeal Candidatus Nitrosocaldus yellowstonii
(Figure 3 and Supplementary Figure S5). Clone
group YLCG-2.1 was found exclusively in the Otter
Vent waters, whereas YLCG-2.2 was primarily
associated with Otter Vent, but also found in fluids
obtained from the West Thumb Deep Vent (Figure 3

Figure 3 Phylogenetic associations of the near-full-length PCR clones of Yellowstone Lake Crenarchaeal Groups (YLCGs). Approximate
% representation of 454-FLX sequences for West Thumb Deep Vent, Otter Vent, Inflated Plain Photic and Southeast Arm Photic are
shown within parentheses. Clones lacking parenthetical data were not found in the pyrosequencing data set. Clones highlighted in gray
boxes represent phylotypes that represented at least 10% of the pyrosequencing reads from at least one location.
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and Supplementary Figure S5). Other Crenarch-
eaotes were also vent associated and are annotated
as ‘Unclassified’ or ‘Miscellaneous’ (Figure 3).

The Euryarchaeote signatures were most closely
related to other environmental clones and were most
prevalent in vent fluids (Figure 4 and Supplemen-
tary Figures S6 and S7), particularly in Otter Vent

(Table 3). For example, clone YLA099, YLEG-1.4b
and YLEG-2 were abundant in Otter Vent, but
essentially absent, or nearly so, in all other locations
(Figure 4 and Supplementary Figure S5 and S6).
This implies that the organism(s) represented by
phylotype YLA099 is a thermophile even though the
closest phylogenetic neighbor was an environmental

Figure 4 Phylogenetic associations of the near-full-length PCR clones of Yellowstone Lake Euryarchaeal Groups (YLEGs). Approximate
% representation of 454-FLX sequences represented for West Thumb Deep Vent, Otter Vent, Inflated Plain Photic and Southeast Arm
Photic are shown within parentheses. Clones lacking parenthetical data were not found in the pyrosequencing data set. Clones
highlighted in gray boxes represent phylotypes that represented at least 10% of the pyrosequencing reads from at least one location.
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clone from a hypersaline mat (Figure 4). The lone
functionality that potentially may be inferred for the
Yellowstone Lake Euryarchaeotes might be the
association between Otter Vent clones YLA020,
YLA015 and YLA025 with Methanoregula boonei,
an acidophilic methanogen (Bräuer et al., 2011), and
which also shared a clade structure with other
methanogens (Figure 4). We note, however, that
these specific methanogen sequences were not
found in the 454-FLX pyrosequencing library. This
discrepancy is likely due to different biases in the
primer sets used for the pyrosequencing and the
clone libraries.

Discussion

Contemporary international research efforts have
illustrated the ubiquitous nature of the Archaea, and
thus their presence in the hydrothermally active
Yellowstone Lake was anticipated. The two vents
were selected for microbial community analysis
based on their different aqueous chemistry profiles,
and two near-surface photic zones were selected
because they differed with respect to their relative
proximity to lake floor vent activity and to the lake’s
largest tributary, the Yellowstone River (Table 1 and
Supplementary Table S1). Vent chemistry differed
significantly in pH and in potentially important
microbial nutrients such as CO2, CH4 and NH4

(Table 1 and Supplementary Table S1), all of which
would be expected to exert selective effects on the
associated microbial physiology types. Gas compo-
sitions of vent waters studied in the current project
are consistent with previous reports (Remsen et al.,
1990; Cuhel et al., 2002; Remsen et al., 2002; Spear
et al., 2005), and significantly greater than that
reported for Yellowstone’s terrestrial hot springs (for
example, Langner et al., 2001; Macur et al., 2004;
Spear et al., 2005; D’Imperio et al., 2008). The H2

measurements (Table 1) represent a new addition to
our understanding of the chemistry in this lake
(Table 1 and Supplementary Table S1), which is
important as H2 is an important energy source for
microbial metabolisms in Yellowstone high-tem-
perature ecosystems (Spear et al., 2005). A more com-
prehensive assessment and discussion of the lake
chemistry can be found in Clingenpeel et al. (2011).

As judged by the strength of normalized and
optimized PCRs, the archaeal amplicons for each
lake sample were noticeably weaker than those
generated with bacterial primers, and thus while
not quantitative, the Archaea were concluded to
represent a smaller component of the microbial
communities in the various lake environments.
Consequently, the archaeal amplicons were com-
bined as a minority component (B15%) of an
amplicon pool submitted for pyrosequencing. The
minority estimate for Archaea in these lake environ-
ments is consistent with reports of other lakes
(although with no thermal inputs) in which a variety

of more quantitative techniques were used (Pernthaler
et al., 1998; Glockner et al., 1999; Keough et al.,
2003; Urbach et al., 2007). And while PCR biases
(Suzuki and Giovannoni, 1996; von Wintzingerode
et al., 1997) presumably occurred to some extent, we
assumed that amplicon strength provides a reason-
able comparison of relative occurrence and abun-
dance of specific phylotypes in the four lake
environments sampled. Based on the shape of the
collector’s curves for each site (Figure 1), coverage
appeared somewhat similar for the four environ-
mental samples, although sampling intensity was
much greater for the vent samples. This suggests that
the estimates of archaeal proportional abundance in
the microbial communities associated with different
lake environments were reasonable (although still
only approximate) and that archaeal diversity was
greater in the vent waters. Future efforts will focus
on quantitative assessments of targeted taxa to more
precisely estimate their abundance, population
dynamics and functional roles.

Quality trimming (as per Kunin et al. (2010)) of
the pyrosequences resulted in a 26.8% cull rate.
Among the 37 361 remaining reads, classification
was complicated by lack of agreement among the
automated classifiers. The difficulty experienced in
this particular study may stem from the smaller
Archaea training set (compared with that for
Bacteria) available for classifier use. More specifi-
cally, the RDP classifier taxonomy base does not
contain representative sequences for the Crenarch-
aeota and Thaumarchaeota clades recovered in this
study and hence the difficulty in their classification
(James Cole, Ribosome Database Project, personal
communication). We were unable to ascertain the
basis for the severe and inconsistent classifier pro-
blems encountered with the Greengenes classifier.

Although BLAST match comparisons of the
454-FLX reads against the near-full-length clones
proved to be the most reliable way of classifying the
pyrosequencing data, not all full-length clones
could be accounted for in the 454-FLX data sets.
Examples include YLA044, YLA030 and YLA026
among several Crenarchaeota phylotypes (Figure 3),
and YLA087, YLA073 and YLA104 among a number
of Euryarchaeota full-length clones (Figure 4). This
implies that additional pyrosequencing would
likely reveal additional diversity, which is not
surprising. Where perfect matches were not found,
there were closely related near-full-length clones
that could be matched with the pyrosequencing
data, which allowed for general assessments of the
represented organism’s distribution within the lake.
We note that not all 454-FLX reads could be
matched with the full-length clones (Table 3),
resulting in 10.9–28.0% of the pyrosequencing reads
remaining unclassified using the matching criteria
imposed (Table 3).

Combining clone distribution patterns with the
geochemical data (Table 1 and Supplementary
Table S1) allows for speculation about ecological
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context. In spite of the near daily strong winds that
generate surface currents contributing to lake mixing
(Benson, 1961), roughly 78% of the OTUs (97%
identity) were only found associated with vent
emissions (Figure 2). Exclusive vent associations
that could be linked to characterized thermophiles
involved the presence of organisms represented by
the Crenarchaeota group YLCG-2.2 that are closely
related to the thermophilic nitrifier Candidatus
Nitrosocaldus yellowstonii (Figure 3 and Supple-
mentary Figure S5) found exclusively in the Otter
Vent. Distribution patterns and close phylogenetic
relatedness to another known nitrifier also puta-
tively identify apparent novel thermophiles. Within
the YLCG-1.1 group (Figure 3 and Supplementary
Figure S3), the consistent distribution pattern of the
N. maritimus-like reads suggests that there are
YLCG-1.1 organisms (in particular YLA046; Supple-
mentary Figure S2) associated with the West Thumb
Deep Vent as well as the near-surface photic zone
samples taken in the Inflated Plain and Southeast
Arm (Figure 3 and Supplementary Figure S2). This
implies that phylogenetically closely related archaeal
organisms have adapted to very different environ-
ments, and also reflects the broad environmental
distribution of the Marine Group 1 Thaumarchaeota
that includes mines, freshwater, saltwater, drinking
water plants, soils and sponge symbionts (Figure 3),
an observation noted previously (Nicol and Schleper,
2006; Schleper, 2010). Inferring dual thermophilic
and mesophilic habitats for the YLCG-1.1 organisms
is strengthened by contrasting distribution patterns,
for example, YLCG-1.2d, another dominant 454-FLX
phylotype (Figure 3 and Supplementary Figure S4),
was abundant in the West Thumb Deep Vent, yet
was undetected in the near-surface waters. Addi-
tional comparative contrasts add further momentum
to such inferences; the near equal distribution of
minor signatures such as YLA067, YLA097 and
YLA098 (Figure 4) throughout the lake implies that
more rare phylotypes could be detected at the level
of pyrosequencing used and thus lack of detection of
YLCG-1.2d is not necessarily due to shallow
sampling. When viewed in sum and in combination,
454-FLX read distribution patterns likely represent
real spatial distribution of the Archaea within
this lake.

The above notwithstanding, we also note that low
abundance of some predominantly photic zone
clones in vent emissions could nevertheless have
resulted from low-level proportional mixing of lake
water with vent water. Rocks surrounding the
various vents made it difficult (or impossible in
some cases) for the ROV sampling cup to form a tight
seal around the vent orifice (Clingenpeel et al.,
2011). This provides opportunity for surrounding
lake water to mix to some degree with vent water
during sampling. Geochemical evidence of this
comes from the oxygen content in the vent water
samples (Table 1), which would otherwise be
expected to be anaerobic.

Crenarchaeota (Thaumarchaeota) dominated the
454-FLX data, in line with other reports of archaeal
diversity for several of the great lakes around the
world (Keough et al., 2003). However, we note with
interest the complete absence of Thermoprotei, a
common crenarchaeal class found in thermophilic
environments, including Yellowstone’s hot springs
(Barns et al., 1994; Meyer-Dombard et al., 2005). One
of the primer sets used was the same as in Meyer-
Dombard et al. (2005), and thus a lack of detection
due to primer bias cannot explain the absence of the
Thermoprotei in the data. The majority of the
Crenarchaeota 454-FLX reads grouped with Marine
Group 1 phylotypes (Figure 3), which was recently
proposed as a newly designated phylum, and
Thaumarchaeota, which contains the orders Niroso-
pumilales and Cenarchaeales (Brochier-Armanet
et al., 2008). Molecular surveys have revealed
several lineages that are related to this mesophilic
archaeal phylum, such as SAGMCG-1, FFS, marine
benthic groups B and C, YNPFFA and THSC1
(Schleper et al., 2005), suggesting the potential
expansion of this new phylum. However, given the
lack of genomic information and poor resolution of
archaeal phylogeny/taxonomy, in this report we
cautiously only included Marine Group 1 in the
Thaumarchaeota clade. Within this clade, phylotype
groups YLCG-1.2b, YLCG-1.2c and YLCG-1.2d were
most closely related to a 16S rRNA gene sequence
observed in a marine metagenome contig (Rusch
et al., 2007). They were absent in the photic
zone waters of Inflated Plain and the Southeast
Arm, but comprised 27 to B45% of the reads in the
West Thumb Deep Vent emissions (Figure 3 and
Supplementary Figures S3 and S4), suggesting that
the represented organisms are thermophiles. Also,
group YLCG-1.2a represented approximately a third
of the clones in the Otter Vent waters, again
implying thermophily.

Although physiological inference was limited for
most of the full-length and 454-FLX sequences,
there were two group designations for which
specific lake function might be inferred. The
relatedness of phylogroup YLCG-1.1 to the marine
nitrifier N. maritimus (Könneke et al., 2005) is a
potentially significant observation in this regard.
The represented organism(s) appeared to be an
important lake archaeal picoplankton component,
comprising B69 and 84% of the archaeal pyrose-
quencing reads in the Southeast Arm and Inflated
Plain surface photic zone waters, respectively
(Figure 3). The association of this organism(s) with
the surface waters is consistent with a recent study
that examined high mountain lakes in the Pyrenees,
where archaeal nitrifier signatures (N. maritimus
accC gene) were found in the lake neuston environ-
ment (Auguet et al., 2008).

Another strong nitrifier signature was evident in
Yellowstone Lake crenarachaeota groups YLCG-2.1
and YLCG-2.2, found almost exclusively in the
Otter Vent waters (Figure 3 and Supplementary
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Figure S5), sharing 96–99% identity with Cadidatus
Nitrosocaldus yellowstonii, first isolated from
alkaline (pH 8.3) sediments from hot springs in the
Heart Lake region in YNP (de la Torre et al., 2008).
Among the lake sites studied, the pH of the Otter
Vent (pH 8.4) most closely matched that of the Heart
Lake location, even though nitrifier-relevant con-
centrations of carbon (CO2) and energy source (NH3)
were greater in the West Thumb Deep Vent (Table 1
and Supplementary Table S1).

Although the Euryarchaeota were a minor compo-
nent of the pyrosequencing libraries, there were two
phylotypes that appeared particularly abundant in
specific environments. Clone groups YLA099 and
YLEG-1.4b comprised B8–12% of the 454-FLX
clones derived from the West Thumb Deep Vent
(Figure 4 and Supplementary Figure S6). Their
association with the vent waters is likely not
coincidental as they grouped with the marine Deep
Sea Hydrothermal Euryarchaeal Group 6 (Figure 4).
Euryarchaeota phylotype group YLEG-2 was also
almost exclusively found in the West Thumb
Deep Vent emissions (Figure 4 and Supplementary
Figure S7).

Finally, we comment on the striking phylogenetic
similarity of Yellowstone Lake’s microbial commu-
nity to that described for marine environments and
draw attention to a recent review by Logares et al.
(2009). A majority of Thaumarchaeota appear re-
lated to the marine nitrifier N. maritimus (Figure 3),
and most of the Euryarchaeota clones grouped
within the Deep Sea Hydrothermal Vent Euryarch-
aeal Group 6 (Figure 4) or the Deep Sea Euryarchaeal
Group (Figure 4). This pattern is consistent with our
finding a Prochlorococcus phylotype in this lake
(Clingenpeel et al., 2011), and presents opportunities
to assess interesting evolutionary relationships
between marine and freshwater microorganisms.
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Auguet J-C, Borrego CM, Bañeras L, Casamayor EO. (2008).
Fingerprinting the genetic diversity of the biotin
carboxylase gene (accC) in aquatic ecosystems as a
potential marker for studies of carbon dioxide assim-
ilation in the dark. Environ Microbiol 10: 2527–2536.

Baker GC, Smith JJ, Cowan DA. (2003). Review and re-
analysis of domain-specific 16S primers. J Microbiol
Methods 55: 541–555.

Balistrieri LS, Shanks III WC, Cuhel RL, Aguilar C,
Klump JV. The influence of sub-lacustrine hydrother-
mal vents on the geochemistry of Yellowstone Lake.
In: Anderson RJ, Harmon D (eds). Yellowstone Lake:
Hotbed of Chaos or Reservoir of Resilience? Proceed-
ings of the Sixth Biennial Scientific Conference on the
Greater Yellowstone Ecosystem; 8–10 October;
Mammoth Hot Springs Hotel, Yellowstone National
Park. Yellowstone Center for Resources and George
Wright Society: Hancock, MI, 2007, pp 169–199.

Barns SM, Delwiche CF, Palmer JD, Pace NR. (1996).
Perspectives on archaeal diversity, thermophily and
monophily from environmental rRNA sequences. Proc
Natl Acad Sci USA 93: 9188–9193.

Barns SM, Fundyga RE, Jeffries MW, Pace NR. (1994).
Remarkable archaeal diversity in a Yellowstone hot
spring environment. Proc Natl Acad Sci USA 91:
1609–1613.

Benson NG. (1961). Limnology of Yellowstone Lake in
relation to the cutthroat trout. United States Depart-
ment of the Interior Fish and Wildlife Service, Bureau
of Sport Fisheries and Wildlife. Research report no. 56.

Bintrim SB, Donohue TJ, Handelsman J, Roberts GP,
Goodman RM. (1997). Molecular phylogeny of Ar-
chaea from soil. Proc Natl Acad Sci USA 94: 277–282.

Boetius A, Ravenschlag K, Schubert CJ, Rickert D, Widdel
F, Gieseke A et al. (2000). A marine microbial
consortium apparently mediating anaerobic oxidation
of methane. Nature 407: 623–626.
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