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Abstract Recent metagenomic analyses of Yellowstone
National Park (YNP) thermal spring communities sug-
gested the presence of minor archaeal populations that
simultaneous PCR-based assays using traditional ‘univer-
sal’ 16S rRNA gene primers failed to detect. Here we use
metagenomics to identify PCR primers effective at detect-
ing elusive members of the Archaea, assess their efficacy,
and describe the diverse and novel archaeal community
from a circum-neutral thermal spring from the Bechler
region of YNP. We determined that a less commonly used
PCR primer, Arch349F, captured more diversity in this
spring than the widely used A21F primer. A search of the
PCR primers against the RDP 16S rRNA gene database
indicated that Arch349F also captured the largest percent-
age of Archaea, including 41 % more than A21F. Pyrose-
quencing using the Arch349F primer recovered all of the
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phylotypes present in the clone-based portion of the study
and the metagenome of this spring in addition to several
other populations of Archaea, some of which are phyloge-
netically novel. In contrast to the lack of amplification with
traditional 16S rRNA gene primers, our comprehensive
analyses suggested a diverse archaeal community in the
Bechler spring, with implications for recently discovered
groups such as the Geoarchaeota and other undescribed
archaeal groups.
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Introduction

Hydrothermal vent ecosystems have been a rich resource for
the study of microbial diversity, astrobiology, and geomicro-
biology for several decades. Much of the diversity in these
systems is only known from environmental genomics, due
to the recalcitrance of most thermal spring organisms to
culturing. In particular, the study of archaeal biodiversity
in hydrothermal systems has been driven by environmental
genotyping, and now environmental genomics. Recent evi-
dence, however, suggests there remains a methodological
gap between the ability to detect Archaea and our under-
standing of their ubiquity in nature. Although universal 16S
rRNA gene primers such as 21F/1492R (DeLong 1992) have
lead to the discovery of many new lineages (Barns et al.
1994; DeLong 1992; Takai and Sako 1999) and transformed
our view of archaeal phylogenetic diversity during the last
20 years (Barns et al. 1994; Hugenholtz 2002; Schleper
et al. 2005), metagenomic studies highlight the fact that
these primers are not ‘universal’. In a recent metagenomic
survey of twenty Yellowstone National Park thermal springs
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(Inskeep et al. 2013), 16S rRNA gene clone-based surveys
using 21F/1492R failed to detect Archaea in seven of the
samples (Table S1). The seven springs lacking Archaea by
PCR panel were all of circum-neutral to alkaline pH (6.2—
9.1) and all contain minor (<1.0 % of metagenomic reads),
and in some cases, greater populations of Archaea based on
classification of metagenomic reads (For example, springs
from the Calcite Springs and Bechler regions; Inskeep et al.
2010; Takacs-Vesbach et al. 2013; Table S1). The disparity
in apparent community composition between PCR-based
studies using ‘universal’ 16S rRNA gene primers and a
less taxonomically biased approach, such as metagenomic
analysis, suggests an inability of traditional primers to accu-
rately represent archaeal community composition. Inac-
curacy in community composition analyses, even of minor
populations, can hamper efforts to discover novel biodiver-
sity critical for evolutionary studies as well as understand-
ing distributions of known taxa. For example, current efforts
to genomically characterize low population organisms that
may be evolutionary important from single cell genomics
rely on accurate and complete community censuses to find
genomic targets (Rinke et al. 2013).

Much initial archaeal biodiversity survey work was
focused on placing novel lineages into robust phylogenetic
context (Barns et al. 1994; Takai and Sako 1999), which
necessitated the largest gene fragment possible, such as
produced by the 21F/1492R primer combination (Olsen
et al. 1986). However, with the advent of next-generation
sequencing technologies, focus has shifted to high-through-
put, accurate estimations of taxonomic diversity which do
not require full-length gene fragments (Liu et al. 2007)
and allows researchers to describe low abundance popu-
lations that may be ecologically relevant or important for
evolutionary and bioprospecting studies. Many effec-
tive archaeal primers have been reported previously (for
review see: Baker et al. 2003; Klindworth et al. 2013), but
a robust analysis of their efficiency has not been evaluated
in samples where there exists communities that were not
detected by the more commonly used 21F/1492R primer
combination. Further, taxonomic biases of PCR prim-
ers in the amplification of prokaryotic 16S rRNA genes in
mixed communities have been previously documented in
many systems (For example: Baker et al. 2003; Klindworth
et al. 2013; Kumar et al. 2011; Suzuki and Giovannoni
1996). However, there has been little empirical testing of
archaeal-specific PCR primers against a relatively unbiased
reference, such as a metagenomic, shotgun-sequence pro-
duced dataset for a given sample. Here we tested univer-
sal archaeal 16S rRNA gene PCR primer combinations by
comparing the archaeal communities described metagen-
omically here and in Takacs-Vesbach et al. (2013) to popu-
lation results derived from complementary in silico, clone
library and 454 pyrosequencing approaches.

@ Springer

Materials and methods

The Bechler region spring is a high temperature (~80 °C),
alkaline spring (pH 7.8) that contains dense Thermocrinis
spp. filament streamers along runoff channels. Archaea are
also associated with the Thermocrinis filaments (Takacs-
Vesbach et al. 2013). Protein-coding genes belonging to
Archaea in the publically available spring metagenome
(based on >60 % BLAST identity classifications) were ana-
lyzed using the IMG/M web interface (IMG metagenome
taxon ID: 2013515002; Markowitz et al. 2012) to examine
community diversity. The taxonomic affiliations of 16S
rRNA genes present in the metagenomic data were assessed
by phylogenetic analysis of partial 16S rRNA genes that
were present for two phylotypes. 16S rRNA gene references
were chosen by top uncultured clone BLAST hits in Gen-
bank and supplemented with references for the major phy-
logenetic lineages of Crenarchaeota. 16S rRNA genes were
aligned using pyNAST (Caporaso et al. 2010a) and trimmed
so that all of the sequences shared the same homologous
691 positions common to the two metagenomic 16S rRNA
gene fragments. Phylogenetic structure was explored using
the MEGA software package (Tamura et al. 2013), and a
final maximum likelihood tree was constructed using the
GTR + G + I evolutionary model as suggested by jModel-
Test 2 (Darriba et al. 2012). The geochemical context of the
Bechler spring and detailed microbial metagenomic analy-
ses are described in Takacs-Vesbach et al. (2013).

Archaeal 16S rRNA genes were amplified from the
Bechler spring using 11 previously published archaeal-spe-
cific primers (Table S2) with the environmental DNA used in
the metagenomic analysis and in the 21F/1492R 16S rRNA
gene screens reported in Takacs-Vesbach et al. (2013). PCR
reactions consisted of 10 pl 5X GoTaq buffer (Promega, Madi-
son, WI, USA), 12.5 mM dNTP (BioLine USA Inc., Taunton,
MA, USA), 20 pmol of both primers, 2.5 units of GoTaq DNA
polymerase (Promega), 1 pl of 2 % (w/v) bovine serum albu-
min, | mM MgCl,, and ~50 ng DNA. The PCR cycling pro-
gram consisted of 30 s at 94 °C, 30 s at 55 or 58 °C (optimized
for different primer pairs), and 90 s at 72 °C for a total of 30
cycles and was performed on an ABI GeneAmp 2700 (Life
Technologies, Grand Island, NY, USA). Each forward primer
was tested with each reverse primer, except 571F, which was
tested with 1391R only, but failed to amplify any products.
Successful amplifications were duplicated, combined, and gel
purified with a Wizard SV gel purification kit (Promega). PCR
products were cloned with the pGEM-T Easy kit (Promega).
Between 13 and 18 cloned inserts, for each primer set was
sequenced using the BigDye terminator cycle sequencing kit
(Life Technologies) with the M13F primer on an ABI 3130x
genetic analyzer (Life Technologies). Primer sets using the
1391R reverse primer produced larger bands consistent with
Pyrobaculum spp. containing 16S rRNA gene introns (Itoh
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et al. 2003), which were gel excised and up to 8 clones were
sequenced to confirm the presence/absence of Pyrobaculum
spp. Clone insert identity was evaluated by aligning the cloned
16S rRNA gene sequences in mothur (Schloss et al. 2009),
manually curating the alignment and measuring phylogenetic
distances against reference 16S rRNA gene sequences from
the metagenomic dataset and closely related Genbank clones.

Potential archaeal diversity detected by the primers was
also measured by querying the RDP database of archaeal
16S rRNA genes using the Probe Match function (http://rdp
.cme.msu.edu/probematch/search.jsp; Cole et al. 2014). Que-
ries against RDP were conducted only on 16S rRNA gene
sequences containing the Escherichia coli base positions
encompassed by all primers (8-585 for the forward primers
and 787-1407 for the reverse primers) and with O mismatched
bases allowed. To incorporate a 16S rRNA gene dataset pro-
duced without the potential biases inherent in PCR-derived
data, the primers were also tested against archaeal 16S rRNA
genes present in the YNP community sequencing project
described in Inskeep et al. (2013). A total of 76 archaeal 16S
rRNA gene sequences from the 20 metagenomes were down-
loaded from the IMG/M database. The metagenome-derived
16S rRNA gene sequences were tested against each primer
individually to avoid biases from comparisons to incomplete
16S rRNA gene sequences in the metagenomic contigs.

To probe the full extent of archaeal diversity in the
sample, the two forward primers with the largest RDP
database coverage, Arch349F and 340F, and the reverse
primer A915R were used in 454 pyrosequencing analysis
of the spring’s archaeal 16S rRNA gene diversity. Barcoded
amplicon pyrosequencing was conducted as described pre-
viously (Andreotti et al. 2011; Dowd et al. 2008). Briefly,
100 ng of DNA per sample was amplified in triplicate by
a single-step PCR to create 16S rRNA gene amplicons
containing the Roche-specific sequencing adapters (454
Life Sciences, Branford, CT, USA) and a barcode unique
to each sample. Amplicons were purified using Agen-
court Ampure beads and combined in equimolar concen-
trations. Pyrosequencing was performed on a Roche 454
FLX instrument using Roche titanium reagents and tita-
nium procedures. The 16S rRNA gene sequences were
quality filtered, denoised, screened for PCR errors, and
chimera checked using AmpliconNoise and Perseus to
minimize potential amplification and sequencing artifacts
(Quince et al. 2011). Denoised reads were classified using
the Quantitative Insights Into Microbial Ecology (QIIME)
package pipeline after clustering into OTUs and picking
an OTU representative to assign taxonomic classification
to (Caporaso et al. 2010b). OTUs were compared against
references for the phylotypes found in the clone library and
metagenomic datasets using a local blastn search. Raw 454
pyrosequencing data from this study are available through
the NCBI Sequence Read Archive as SRP049556. The

individual sff files from this study were assigned the acces-
sion numbers SAMNO03145649 through SAMNO03145650
under Bioproject PRINA265119. Clone library-produced
16S rRNA gene sequence data (accessions KP091542 -
KP091669) are available through Genbank.

Results and discussion

The Bechler spring metagenome contained a minor popu-
lation of Archaea (8 % of the total metagenomic reads).
Taxonomic classification of the assembled metagenome
archaeal reads indicated a predominant Thermoproteaceae
population (92 % of all archaeal reads), primarily in the
genus Pyrobaculum (99 % of Thermoproteaceae reads).
However, higher diversity was suggested by the classifica-
tion of the remaining genes into 17 other archaeal fami-
lies, including minor populations (<5 % of archaeal reads)
binned in families of the phyla Euryarchaeota, Thaumar-
chaeota, and Korarchaeota. Only two archaeal 16S rRNA
gene sequence phylotypes were present in the metagenomic
dataset. One phylotype was closely related to Pyrobaculum
spp. AIMG gene id YNP13_01430) with close relation to
Pyrobaculum neutrophilum strain V24Sta (99 % sequence
identity by BLAST, Fig. 1). The second phylotype (IMG
gene ID YNP13_216600) was only closely related to a
single uncultured clone from Great Boiling Spring, Great
Basin, Nevada (GBS_L2_EI2, Fig. 1). Both of these
uncultured phylotypes were monophyletic with 16S rRNA
genes from the recently described NAG1 genome (IMG
taxon id 2504756013) in the proposed Geoarchaeota phy-
lum (Kozubal et al. 2013), in addition to uncultured clones
associated with Geoarchaeota from YNP thermal springs
(Kozubal et al. 2012) and a phylotype closely related to
the Geoarchaeota from a seafloor vent biofilm near Papua,
New Guinea (clone PNG_TBR_A43; Meyer-Dombard
et al. 2013). The phylum-level designation of the Geoar-
chaeota has been debated, as various gene combinations
provide contradictory phylogenetic placement of the group
within and separate from the Crenarchaeota phylum (Guy
et al. 2014). Our overall archaeal topology is consistent
with Kozubal et al. (2013), but differs from the sister-level
relationship between Thermoproteales and Geoarchaeota
using more robust phylogenetic analyses (Guy et al. 2014).
Regardless, the intragroup clades were all highly supported
for the Geoarchaeota. The Geoarchaeota-affiliated clones
and NAGI genome were all detected at acidic, Fe-rich YNP
thermal springs (Kozubal et al. 2012, 2013), and the single
seafloor vent biofilm clone was also detected in a slightly
acidic, Fe-rich environment (Meyer-Dombard et al. 2013,
2012). However, both the Bechler region spring and Great
Basin spring are alkaline and do not contain appreciable
levels of Fe (Costa et al. 2009; Dodsworth et al. 2011;
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Fig. 1 Maximum likelihood
phylogenetic tree of both 16S
rRNA gene sequences present in
the Bechler spring metagenome.
Bootstrap values are given at
each node (out of 100 boot-
straps) where values >50. The
phylogeny is rooted with three
Euryarchaeote organisms
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Takacs-Vesbach et al. 2013), suggesting that the phylotype
detected here may constitute an ecologically and phyloge-
netically distinct second clade within the Geoarchaeota.

All but one PCR primer set amplified products for the
clone-based primer comparison component of the study,
but only two were able to detect both archaeal 16S rRNA
gene phylotypes present in the metagenomic data. A third
phylotype, whose 16S rRNA gene was not recovered by the
modest metagenomic sequencing effort in Takacs-Vesbach
et al. (2013), was affiliated with the Aigarchaeota group of
Archaea (represented by Genbank accession HM448082)
and detected by many of the primer sets. All clones shared
>97 % identity to one of seven phylotypes (Table 1). Both
of the primer sets that amplified the three predominant phy-
lotypes used the forward primer Arch349F. The in silico
primer comparison results emphasized that the forward
primers Arch21F, A109F, and A571F match sequences that,
as a whole, are subsets of those matched with Arch349F
and A340F, which both had the highest coverage of RDP
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and IMG records (Table 1; Fig. 2). This is consistent with a
recent in silico analysis of archaeal primers which indicated
that Arch349F had the highest overall coverage of database
deposited archaeal 16S rRNA gene sequences (Klindworth
et al. 2013). Reverse primers did not differ considerably in
record matches (89-92 % RDP records matched by each).
Pyrosequencing of archaeal 16S rRNA genes revealed
additional novel archaeal diversity, although taxonomic
differences were observed between the two primer sets
that were used (Fig. 3a). A340F primarily amplified uni-
dentified taxa within the candidate Parvarchaeota phy-
lum (identified as the proposed order ‘Micrarchaeles’ in
the latest Greengenes taxonomy), and a minor percent-
age of Aigarchaeota phylotypes. The Parvarchaeota are
known primarily from acidic environments such as acid-
mine drainage biofilms (Baker et al. 2010; Rinke et al.
2013), so it is unlikely that they are a major, active com-
ponent of the Bechler community, especially consider-
ing that Crenarchaeota were the dominant phylum in the
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Table 1 Phylotypes detected by each primer set and percentage of database records matched by each set

Primer combination ~ YNP13_01430° YNP13_216600° HM448082° HM448111° JX316758°  Bacteria® RDP IMG
Arch349F/A915R X X X X 87/89  83/42
Arch349F/A806R X 87/92  83/100
Arch349F/1391R X X X EU156156  87/92  83/67
Arch21F/A915R X X X 46/89  48/42
Arch21F/Arch806R X 46/92  48/100
Arch21F/1391R X 46/92  48/67
A109F/A915R X X 63/89  31/42
A109F/Arch806R X AJ320219 63/93  31/100
A109F/1391R X 63/92  31/67
A571F/1391R 62/92  23/67
A340F/915R¢ 83/89  93/42

# Positive detection of phylotype (at least one clone insert sequence <0.03 diverged from reference 16S rRNA gene sequence) indicated by x
® IMG Gene ID of 16S rRNA gene phylotype detected in metagenomic analysis of sample (JGI metagenome ID: 2013515002)
¢ Accession ID given of best BLAST match with >97 % nucleotide similarity

4 Not used in clone library-based analysis
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Fig. 2 Venn diagrams of 16S rRNA gene sequence record overlap
detected in the RDP database by pairwise comparisons between for-
ward primers of this study. Each primer comparison used only the
16S rRNA gene records from the RDP archaeal 16S rRNA database
that covered the total range of the forward primers (E. coli base posi-
tions 8-585; 18,321 16S rRNA gene records total). Circle size and
overlap is proportional to total number of records matched. Primers
listed in the first column are circles on the left, and those listed in the
first row are circles on the right

metagenomic dataset. Further, neither the Pyrobaculum
sp., nor Geoarchaeota-like phylotypes that were present in
the metagenomic dataset were detected by A340F, which
suggests potential amplification biases. In contrast, 454

analyses with Arch349F detected all three phylotypes
found in the metagenomic and clone library data in addi-
tion to several other populations. The Arch349F results
are generally consistent with the metagenomic and clone
library data, although the Caldiarchaceae (proposed fam-
ily of the Aigarchaeota in the latest Greengenes taxonomy)
populations were overrepresented relative to Pyrobacu-
lum populations. Arch349F also detected a larger relative
percentage of organisms that were not classifiable at the
phylum level in addition to minor populations of unclassi-
fied Thermoprotei, Nitrosocaldus sp., Desulfurococcaceae-
affiliated organisms, and Caldiarchaeum spp. not detected
by A340F. Both primer sets amplified a small percentage
of bacterial reads primarily classified as the family Aqui-
ficaceae, which contains the predominant microbial organ-
ism present in this community, Thermocrinis sp.(Takacs-
Vesbach et al. 2013). While Arch349F only matches
1.3 x 107> % of RDP bacterial records (35 total of mostly
unclassified bacteria), stringency could be increased with
minimal loss of matched archaeal sequences by substitut-
ing a G for the K and A for the W in the 10th and 17th
residues, respectively, (0/80 % and 2.7 x 107%94 %
bacterial/archaeal records matched in RDP with 0 and 1
mismatched bases, respectively).

Our results suggest that commonly used primers may
not be adequate for describing the archaeal diversity in
thermal spring systems, and primers such as Arch349F
would more accurately reflect the in situ archaeal com-
munity. Pyrosequencing with Arch349F indicated the
archaeal community in this spring is taxonomically
diverse, which contrasts with previous indications by
unsuccessful PCR amplifications using traditional 16S
rRNA gene primers and metagenomic analyses that only
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Fig. 3 Bar chart showing 4 T T
the abundance and taxonomic
classification of 454 Pyrose-
quencing reads for primer

sets Arch349F-915R (read 3r -

n = 1190) and A340F-915R
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ing order by abundance in the
Arch349F-915R dataset. Best
classification level is given,
with taxonomic hierarchy level
preceding taxa name: k-king-
dom, p-phyla, c-class, f-family,
g-genus, and s-species. *Taxo-
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describe predominant taxonomic populations. While  References

all phylotypes that were recovered by clone library and
metagenomic analyses were also recovered using the for-
ward primer Arch349F, several populations that could not
be classified at or below phylum-level taxonomy were
also recovered. Further, the nearly complete matching of
the RDP database by Arch349F suggests that our results
would likely be effective in other ecosystems. Previous
database analyses of archaeal primers are concordant
with our results that the Arch349F primer provides the
best overall coverage of archaeal diversity and is appro-
priate for other short-read sequencing platforms such as
illumina and Ion Torrent (Klindworth et al. 2013). In con-
clusion, our results suggest that leveraging next-genera-
tion sequencing and PCR primers with broader archaeal
specificity provide not only greater accuracy in commu-
nity composition analyses, but may aid in the detection of
novel, minor populations of Archaea from environmental
samples.
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