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The recent era of exploring the human microbiome has provided valuable information on microbial inhabitants, beneficials
and pathogens. Screening efforts based on DNA sequencing identified thousands of bacterial lineages associated with
human skin but provided only incomplete and crude information on Archaea. Here, we report for the first time the
quantification and visualization of Archaea from human skin. Based on 16 S rRNA gene copies Archaea comprised up to
4.2% of the prokaryotic skin microbiome. Most of the gene signatures analyzed belonged to the Thaumarchaeota, a group
of Archaea we also found in hospitals and clean room facilities. The metabolic potential for ammonia oxidation of the skin-
associated Archaea was supported by the successful detection of thaumarchaeal amoA genes in human skin samples.
However, the activity and possible interaction with human epithelial cells of these associated Archaea remains an open
question. Nevertheless, in this study we provide evidence that Archaea are part of the human skin microbiome and discuss
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Introduction

Archaea have long been thought of as an ancient form of
microorganisms, restricted to extreme environments. However,
the picture of Archaea changed within the last decade, when these
organisms were found in high abundance in cold and moderate
environments all around the world [1].

Archaea might also play an important role in the human body,
as methanogenic archaea can contribute up to 12% of total
anaerobes in the human gut [2]. In the oral cavity, methanogens
have been associated with some periodontal diseases [2], although
pathogenesis of an archaeon is yet to be confirmed.

The Human Microbiome Project, founded to decipher the
entire set of microorganisms associated with the human body,
continues to provide valuable information on how microbial
diversity correlates with the health status of humans [3]. So far, the
bacterial dynamics of the largest human organ, the skin, have been
studied in detail [4], while only two studies report the detection of
Archaea on human skin [5,6]. Hulcr and co-workers studied 60
navels and found three different phylotypes of Archaea appearing
marginally in a large subset of bacterial sequences. The archaeal
phylotypes identified belonged to the Euryarchacota and were
retrieved from 6 samples only. The authors detected halophiles
(Halobacteriaceae) in two samples and methanogens (Methanobrevi-
bacter) in five different samples. Two of the three archacal
phylotypes were retrieved from a human subject that had not
showered for years implying that Archaea are only a minor
fraction of the navel and skin microbiome. Moreover, the detected
archaeal taxa have previously been found associated with human
oral cavity and the human gastrointestinal tract and are thus likely
to be oral or fecal contaminants [7,8]. Although Hulcr and co-
workers claimed to be the first to report on Archaea in the human
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skin microbiome, Caporaso et al. [6] had already reported
signatures of Archaea, in particular Thaumarchaeota, in samples
taken from palms of two individuals. However, they identified
these microorganisms as a minor, transient part of the human-
associated microbiome and assumed an insignificant role.

Nevertheless, both studies detected Archaea via a co-amplifica-
tion of their 16 S rRNA genes along with Bacteria. This, and the
fact that the primer pairs used did not perfectly match (thaum-
Jarchaeal 16 S rRINA genes, does not allow a conclusion about the
role, abundance or diversity of Archaea on human skin. For
instance, primer pair F515/R806 (used in [6]) hits only 50% of all
Archaea and in particular, 8% of all Thaumarchaeota without
mismatch. No perfect match was revealed within the soil
crenarchaeotic group (I.1b), which includes Candidatus Nitroso-
sphaera (SILVA TestPrime [9]).

The explorations of microbiomes in man-made environments
such as clean room facilities, which are strongly influenced by the
human (skin) microbiome, have revealed Archaea to be contin-
uously present [10,11]. Most of these Archaea were Thaumarch-
aeota, a recently proposed phylum including designated ammonia
oxidizers [12]. Due to the recent re-classification of the
thaumarchaeal phylum and therefore an assignment of certain
crenarchaeal groups to the thaumarchaeal clade, a recent study by
LaDuc and co-workers [13] wrongly claimed first evidence of
Thaumarchaota in clean room environments, although this group
had been identified earlier [10,11]. So far, these clean room
Archaea belonged mainly to the I.1b thaumarchaeal clade, whose
representatives are commonly found in the soil microbiome, where
they likely contribute to the global nitrogen cycle [14]. A probable
association with humans was discussed by Moissl-Eichinger [11]
but the question if these Archaea originate from human skin
remained unanswered.
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In the present study we tackle the question, whether the human
skin can be carrier or even habitat for Archaca. We show, that
Archaea, and in particular Thaumarchaeota represent a detect-
able part of the human skin microbiome and their signatures are
closely related to those found in hospitals and clean room facilities.
Moreover, we provide insight into cell morphology and functional
genes for Archaea on human skin.

Materials and Methods

Human skin samples were taken and handled with approval
by and in accordance with the Ethic Commission at the University
of Regensburg. The Ethics Commission stated that no ethical
concerns are raised by the methods applied and approved the
following procedures. Verbal informed consent was obtained from
all study participants, which was in agreement with the Ethic
Commission’s statement. Each participant handed over the sample
right after self-sampling and verbal consent was documented
manually along with receiving the samples. Samples were treated
anonymously. Human material was not subject of this study.
Microbial samples or data derived cannot be attributed to a
certain person.

Samples from the entire front torso were taken using DNA-free
wipes by the volunteers themselves. The human subjects were
mstructed to thoroughly wipe their torso (holding the DNA-free
wipe with a sterile glove) before taking a regular shower. The
volunteers did not apply cosmetics before sampling. The wipes
were immediately stored on ice or frozen before processing. An
overview of all human skin wipe-samples is given in Table SI.

Sampling of indoor environments was performed with
either Biological Sampling Kits (BiSKit, QuickSilver Analytics,
Abingdon, MD, USA, according to manufacturer’s instructions) or
with a pre-moistened, DNA-free wipe attached to a DNA-free
sampling tool made of steel (Table S1). One clean room complex
(EADS, Friedrichshafen, Germany) with an ISO 5 and an ISO 8
clean room was sampled. The clean rooms were under certified,
fully operating conditions. Additional sampling locations were two
intensive care units, one in Regensburg (Germany) and one in
Graz (Austria), both maintained fully operating (Table S1).

Sample extraction from wipes (including vortexing and
sonication) was performed in 40 ml of PCR grade water (for
molecular analyses) or phosphate buffered saline (PBS-buffer, for
fluorescence i situ hybridization) as described elsewhere [11].
Liquids were concentrated to 200-500 pl using Amicon 50 filter
tubes (Millipore, Billerica, MA, USA) before processing.

The recovery efficiency of sampling devices is strongly
dependent on the sampling tool and the porosity of the surface
[15,16]. Wipe sampling of non-porous surfaces has been proven to
have generally low recovery efficiencies of 8-20% [16,17]. The
fact that human skin is a very porous surface and the sampling of
skin was performed by non-specialists (self-sampling) combined
with the low recovery efficiency of sampling in general, allows the
conclusion that only a small part of the skin microbiome was
recovered. However, the ratio of Bacteria and Archaea retrieved is
expected to be independent from sampling efficiency.

Propidium monoazide treatment on sclected samples from
the intensive care unit in Regensburg was performed as described
elsewhere [18] prior to DNA extraction. Propidium monoazide
(PMA) is a chemical that intercalates to accessible DNA molecules
in a given solution and forms a covalent bond after photoactiva-
tion of the azide. After PMA-binding the DNA is masked and no
longer available for PCR amplification. Cells with intact cell
membranes are not penetrated by PMA, their DNA remains
unlabeled for PCR amplification and can therefore be detected.
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This assay allows distinction between the membrane-compromised
and the viable microbial community.

DNA extraction was performed by a combination of bead-
beating and the XS-buffer method described in Moissl-Eichinger
[11], a protocol adapted for low-biomass environments. Bead-
beating was included before the application of the XS-buffer to
ensure that also hardy microbes were lysed (bead-beating tubes
were taken from the MO BIO Power Biofilm "™ DNA Isolation
Kit, MO BIO, Carlsbad, CA, USA). After bead-beating, beads
were washed with 400 ul pure PCR-grade water to decrease
sample loss.

Quantitative PCR of bacterial and archaeal 16 S rRNA
gene sequences was performed in triplicate as described
elsewhere with primer pairs 338 bf/517 ur and 344 af/517 ur,
respectively [11,19] (final primer concentration: 300 nM). 16 S
rRNA genes from genomic DNA of the archaeal and bacterial
reference strains Methanosarcina barkeri and Bacillus safensis were
amplified with the primer sets 8 af/1406 ur and 9 bf/1406 ur
[20,21]. Quantification of standards was performed with the Qubit
Quantitation Platform 2.0 (High Sensitivity Kit, Invitrogen,
Carlsbad, CA, USA). Forty cycles of qPCR (Quantitect SYBR
Green PCR Mix, Qiagen, Hilden, Germany) were run (Rotor-
Gene 6000 Real-Time PCR system, Corbett Life Science,
Concorde, NWS, Australia) with an initial denaturation at 95°C
for 15 min and a cycling protocol as follows: denaturation at 94°C
for 15 sec, annealing at 60°C for 30 sec and elongation at 72°C
for 30 sec. Melting curve was performed at 72-95°C. The qPCR
efficiencies ranged from 0.87 to 0.92 and R? values of standard
curves were in the range of 0.98 to 1.00. Detection limits were
defined as 105 copies/pl for archaeal qPCRs (threshold for non-
template controls) and 334 copies/pl for bacterial gPCRs. These
thresholds were generated as follows: archaeal negative control
qPCR revealed minor signals from primer-dimerization, which
was confirmed via gel electrophoresis. To exclude such back-
ground, qPCR negative controls were averaged and used as a
threshold. No archaeal signal was obtained from non-template and
extraction controls. Since the qPCR reagents were not free of
bacterial DNA as reported elsewhere [22], the detection limit for
bacterial qPCR was increased accordingly (334 copies/ul,
averaged bacterial PCR no template controls).

Amplification of archaeal 16 S rRNA genes from samples
was performed either directly (primer pair 344 af/915 ar; [23,24])
or using nested PCR (primer pairs 8 af/UA1406 R [25,26] and
340 af/915 ar [27,23]; 2x35 cycles). Primer coverages were
evaluated using TestProbe, the SILVA probe match and
evaluation tool against the entire SILVA SSU Ref database 108
[28], which revealed those primer combinations with the highest
coverage over other combinations studied. The tested combina-
tions included the following primers. Forward: 8af [20], 27FLP
[29], 21af [30], 340af [27], 344af [31], A751f [26]. Reverse: 909r
[32], 915r [24], 1000R [27], 1100R [33], 1119ar [34], UA1406r
[26], 1391r [32], 1406ur [21], 1492ur [21].

Cloning of 16 S ¥YRNA gene PCR products, sequencing
and analysis was performed as follows: PCR products were
cloned in TOPO10 competent cells (Invitrogen, TOPO® TA
Cloning® Kit, pCR®2.1 vector), inserts of positive clones were
screened using two (Hinfl; BsuRI) and four (Alul; Hhal; Hinfl; Rsa)
restriction enzymes after PCR amplification with the above
mentioned primer pairs. Clones carrying unique inserts (52 unique
patterns) were Sanger-sequenced (100 inserts sequenced),
trimmed, quality checked (chimera slayer), aligned [28] and
grouped at 1% difference level with the mothur software package
[35] and are referred to as operational taxonomic units (OTU) in
the manuscript. Representative sequences from each OTU were
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Figure 1. Abundance of bacterial and archaeal 16 S rRNA gene copies retrieved from front torsos of 13 people. Values above bar
graphs give percent of archaeal gene copies in the entire prokaryotic microbiome detected. Asterisks indicate an archaeal percentage lower than
0.01. X-axis gives human sample number (Table 1), Y-axis shows log-transformed abundances of 16 S rRNA genes.

doi:10.1371/journal.pone.0065388.9001

then classified using the Bayesian classifier [35] against a manually
curated GreenGenes database that contains representatives of
98% identical clusters and an updated taxonomy [36] (available at
http://www.secondgenome.com/go/2011-greengenes-

taxonomy/). The derived archaeal 16 S rRNA gene sequences
have been submitted to GenBank (Acc. No. JX865653-]X865767).

Phylogenetic tree of representative OTU sequences (SINA
aligned; 28) was computed using ARB [37] and the SILVA
database release SSU111 [38] by applying a maximum-likelihood
algorithm. Sequences were trimmed to the same alignment length
before tree calculation (E. coli position 346-943). The tree topology
confirmed the classification gained from the Bayesian method (see
above).

Detection of amoA genes was performed as described in
Tourna et al., 2011 [39] using the primers amoA104F-1d (GCA
GGA GAC TAC ATM TTC TA) and amoA616R (GCC ATC
CAT CTG TAT GTC CA). Amplicons were cloned and Sanger
sequenced using M13 primers. A combined sample of all human
subjects investigated in this study was used as a template for PCR
(b ul per 20 ul PCR reaction). Thirty-two sequences were
obtained, 28 were of high quality (good chromatogram quality,
>800 bps) and 21 of them were identified to be amod genes via
BLAST [40] against the NCBI database (deposited under
accession numbers KC582378-KC582398). Seven sequences (of
approximately 510 bps) showed high similarity to sequences from
Staphylococcus  epidermidis (lipase precursor, gehD) and were not
included in the analysis. 4moAd genes were clustered at 97%
similarity using mothur [35] and a maximum likelihood tree was
computed in ARB with the aid of the amo4 database from Pester
et al., 2012 [37].

Molecular analysis controls for each single step (sampling,
DNA extraction, PCR setup) and at least one blank control was
carried along, which underwent all detection procedures including
regular archaeal PCR, nested-PCR, qPCR, and bacterial gPCR.
All Archaea-directed controls were negative, no visible band

PLOS ONE | www.plosone.org

occurred in any PCR amplification applied. BiSKit blanks
exhibited a certain amount of detectable bacterial 16 S rRNA
genes (samples from intensive care unit Graz and clean room
Friedrichshafen; archaeal control was negative). Therefore all
human samples and those from the intensive care unit in
Regensburg were taken with DNA-free wipes (dry-heat treated
for 24 hrs, 170°C). All wipe extractions blanks were negative in
every archaeal and bacterial (q)PCR.

Fluorescence in situ hybridization (FISH) was performed
on one human skin sample. The sample was fixed in paraformal-
dehyde (3% (w/v), final concentration). FISH was conducted as
described earlier [41], using probes ARCI15 (directed against
Archaea, rhodamine green labeled) and EUB338/1 (directed
against Bacteria, CY3 labeled), 20% (v/v) formamide and 0.01%
(w/v) SDS. DAPI was used as counterstain. A NONEUB-Probe
was used as a nonsense negative control. Microscopy was
performed using an Olympus BX53 microscope (Olympus,
Hamburg, Germany; camera: Olympus XM10, software: CelSens
Standard 1.5). Fluorescence microscopy was performed using the
following filters. U-FUN (excitation 360-370 nm, emission
420 nm IF) for DAPI, U-MINB3 (excitation 470-495 nm,
510 nm IF) for rhodamine green, and U-FRFP (excitation 535—
555 nm HQ), emission 570-625 HQ) for CY3. FISH samples in
general exhibited a high amount of particles (also from the wipe,
see extraction procedure). These particles were either fluorescence
active with CY3 filter or with all three filters, clearly distinguish-
able from microorganisms and not included in the analysis. These
fibers made quantitative FISH not feasible.

Results and Discussion

In order to investigate the abundance and diversity of Archaea
on human skin, wipe-samples from 13 human individuals (7
female and 6 male, age range 2040, entire front torsos, Table S1)
were taken and analyzed with sensitive molecular techniques. All
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2i3D_12_CB, X865752 [
uncultured euryarchaeote, AF473900
Zi3D_28 BC, JX865756

Euryarchaeota

Candidatus Nitrosoarchaeum koreensis, HQ331116 (agricultural soil)
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FR2_c45a, GU126501 (spacecraft assembly clean room)
CR5_47_DB, JX865691 1
MM_8_EC, X865674 # 1
MM_32_DC, JX865670 #
uncultured archaeon, DQ302464 (lake water)
CR5_12_AB, JX865683 [
ARC_JSC9-30, DQ782362 (spacecraft assembly clean room)
CMD2_17_AC, /X865709
Candidatus Nitrososphaera viennensis, FR773157 (soil)
CR5_14_EA, 1X8656841
ES_39a, GU126507 (spacecraft assembly clean room)
uncultured archaeon, GQ871306 (soi)
Zi3P_15_CA, JX865760 [
CR8_1_AA, IX8656931
CR5_4 BB, JX865690 ]
CMD_41_EA, JX865706 1% BHEEI ]
ARC_10SAF2-42, DQ782342 (spacecraft assembly clean room)
Gr13_C7, 1X865736
ARC_105AF2-44, DQ782343 (spacecraft assembly clean room)
AA_15_AE, JX865655  # EEICT
AF_14_AB, JX865661 % § 1
uncultured crenarchaeote, AY278069 (soil)
Gr12_E3, JX8657351
uncultured archaeon, GQ926315 (deep-sea sediment)
FLD_48_FD, X865726 (1
uncultured archaeon, F1490659 (soil
ARC_JSC9-5, DQ782364 (spacecraft assembly clean room)
| 'CR8_10_CA, x865694 ]
_L—Gr12_D2, 1X865733
uncultured archaeon, JN562342 (constructed wetland)
Candidatus Nitrosocaldus yellowstonii, EU239960 (hot spring)

_|_7Pyrobaculum arsenaticum, AJ277124
Thermofilum pendens, X14835

Thaumarchaeota

0.10
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Figure 2. Maximum likelihood tree displaying all detected OTUs from human skin, intensive care unit, and clean room
environments. Symbol “man”: phylotype retrieved from human skin (the number of symbols gives the number of individuals carrying this
phylotype; 5 subjects were screened with respect to the archaeal 16 S rRNA gene pool). Symbol “hospital” (square with cross): phylotype detected in
intensive care unit (two intensive care units were screened). Symbol “square”: detected in a spacecraft assembly clean room (one facility was
analyzed). Symbol “star” highlights phylotypes that were also found in the propidium monoazide (PMA)-treated sample, i.e. from cells with intact
membranes. Scale bar refers to 10% nucleotide substitutions. Pyrobaculum arsenaticum and Thermofilum pendens (Crenarchaeota) were used as an

outgroup.
doi:10.1371/journal.pone.0065388.g002

DAPI  ARC915 EUB338

Figure 3. Fluorescence in situ hybridization, performed on a
human skin wipe-sample for visualization of Archaea. DNA-
containing cell (DAPI stain): blue, Archaea: green, Bacteria: red. I-V:
Examples of positive archaeal signals (small cocci, probe ARC915
labeled with rhodamine green) are shown, which give a positive signal
with DAPI and no signal with the Bacteria-directed probe (EUB338/I
labeled with CY3). VI: Example of a positive bacterial signal. Bar: 2 um.
doi:10.1371/journal.pone.0065388.9003

PLOS ONE | www.plosone.org

human subjects revealed the presence of archaeal 16 S rRNA
genes on their skin, accounting for up to 4.23% of the entire
recovered prokaryotic microbiome (0.60% on average, Fig. 1). As
Bacteria are likely to possess more ribosomal genes per genome
(4.17 on average) compared to Archaea (1.69) [42], the average
proportion of archaeal cells could be even greater (1.40% on
average, max. 9.86%).

Five samples were selected for a deeper analysis of the archaeal
diversity present on human skin. The archaeal community
structure comprised OTUs of the phyla Thaumarchaeota (88%
of all OTUs) and Euryarchaeota (12%) with 17 different
taxonomic OTUs in total. All human subjects exhibited sequences
of Thaumarchaeota. Phylogenetic analysis of these archaeal skin
sequences placed them close to ammonia-oxidizing archaea from
soil (Thaumarchaota group I.1b, Fig. 2), but interestingly also close
to sequences from built environments (clean rooms, intensive care
units) found in this and earlier studies [11] (Fig. 2). Besides
thaumarchaeal signatures, one human subject revealed two
euryarchaeal sequences, which belonged to the taxon Methano-
sarcina, a putative methanogen reported previously for agricultural
environments, but also the human intestine [2]. Sequence
classifications are summarized in Table 1.

The presence of Archaea on human skin was further confirmed
by fluorescence in situ hybridization experiments (Fig. 3). Unfor-
tunately, the relative abundance of archaeal compared to bacterial
cells could not be calculated due to the high amount of
fluorescence-active particulates and fibers in the specimens (see
Material and Methods for details), but archaeal signals were
obvious and easily detectable. Archaeal cells were visualized as
small cocci (approx. 0.5 pm in diameter) in the skin microbiome.
Their shape and size was similar to thaumarchaeal cells previously
detected in sludge samples [43].

Because human-dominated environments reflect the microbial
diversity associated with the human skin and body [44], we can
now propose a logical reason for the earlier discovery of archaeal
signatures in controlled clean room facilities around the world
[10,11,13]. The presence of (thaum-) archaeal signatures in clean
rooms was confirmed in this study (EADS clean room facility) and
further expanded to hospitals. Two intensive care units were
sampled and the presence of Thaumarchaeota in these artificial
environments was affirmed (Fig. 2). So far, all man-made
environments studied by the authors have revealed the presence
of archaeal 16 S rRNA genes, belonging to two different phyla,
Thaumarchaeota and Euryarchaeota, which can be attributed to
the sensitive and appropriate assays employed. The integrity and
therefore probable viability of archaeal cells in floor wipe-samples
were also proven by FISH [11] and with a molecular-based
viability assay (Table S1, Fig. 2). The clean room euryarchaeota
included methanogens and different halophiles; both groups have
been associated with human mouth and intestinal flora [2,8], and
were recently also found in navels [5]. However, the aforemen-
tioned study on navels did not reveal any thaumarchaeal
signatures and only three euryarchaeal phylotypes in a very small
subset of the samples [6]. Euryarchaeota (again methanogens and
halophiles), Crenarchaeota and Thaumarchaeota were detected in
a study by Caporaso e al, 2011, who analyzed the microbial
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Candidatus Cenarchaeum symbiosum fosmid clone C18D0, DQ397580
Candidatus Nitrosopumilus maritimus SCM1, NC_010085
_r_Candidatus Nitrososphaera gargensis, EU281321
Candidatus Nitrososphaera viennensis, FR773159

Sandy ecosystem soil clone, DQ534857
Marsh sediment clone, DQ148897
Marsh sediment clone, DQ148901
AmoAF2, KC582390 (1)
AmoAE3, KC582389 (1)
Agricultural soil clone, AB353462
Agricultural soil clone, AB353456
Lake sediment clone, EU197172
Agricultural soil clone, AB353466
AmoAF3, KC582391 (1)
Estuarine sediment clone, EU025175
Estuarine sediment clone, DQ501096
Ocean sediment clone, DQ148814
AmoAA8, KC582385 (1)
Soil clone, EU590202
AmoAC4, KC582386 (17)

Sandy ecosystem soil clone, DQ534841
Soil clone, EU590348

Sandy ecosystem soil clone, DQ534848
Sandy ecosystem soil clone, DQ534823
— Candidatus Nitrosocaldus yellowstonii, EU239961

Nitrososphaera
subcluster 4

Nitrososphaera
subcluster 6

0.10

Figure 4. Maximum likelihood tree based on archaeal amoA
gene sequences. Sequences recovered in this study are shown in
bold. Information in parenthesis gives the number of retrieved
sequences. Bar refers to 10% nucleotide substitutions per site.
doi:10.1371/journal.pone.0065388.g004

community of human gut, tongue and palms of only two
individuals but at 396 timepoints. In particular, the palm
microbiome revealed the (fluctuating) presence of Nitrososphaera
related sequences. Based on their statistical analysis, the authors
considered those organisms insignificant and transient members of
the human microbiome. Certainly, the palm skin represents one of
the major contact surfaces of humans to their biotic and abiotic
environment, and transient microorganisms can be found there
more than elsewhere on human skin. Consequently, we excluded
human palms and focused on human torso skin, which might
harbor a more typical, less influenced microbial diversity. We
argue based on our results of 13 human skin samples, that
Caporaso et al. may have underestimated the importance of
Archaea and particularly Thaumarchaeota on human skin. To
emphasize the finding of a general presence of Archaea on human
skin (all samples revealed archaeal signatures), we were even able
to visualize archaeal cells, indicating their active physiological
status and their obvious presence in samples from human skin. We
can conclude that previous studies have either (methodically)
overlooked the archaeal diversity associated with human skin or
underestimated their abundance.

Our study was the first to systematically show that Archaea, in
particular Thaumarchaeota, are consistently present on human
skin. This finding leads to a number of questions that cannot be
answered at the current status of knowledge. For instance, the role,
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metabolism, infestation rate or also the origin of archaea
associated with skin are unclear to date and need to be tackled
in subsequent studies.

Interestingly, representatives of Thaumarchaeota cluster 1.1b,
were found in soil and aquatic environments, but also in
wastewater treatment plants, as reported recently [43,45]. The
detection of such thaumarchaeal sequences and cells on human
skin and engineered environments could point to novel, currently
unknown roles and metabolic capabilities besides chemolithoauto-
trophy [43]. However, we note that all so far cultivated
thaumarchaeal species are ammonia oxidizers [12,39,46,47] and
the human skin is constantly emanating low amounts of ammonia
[48]. We were able to amplify and sequence amod genes from a
pooled sample of all 13 human subjects. Megablast analyses
against the NCBI nucleotide collection showed clearly that these
sequences belong to amod genes (E-value = 0). A phylogenetic tree
of the retrieved amod sequences is depicted in Figure 4. The
sequences obtained were not closely related to Nitrososphaera
viennensis or N. gargensis amoA genes, but were affiliated to two
Nitrososphaera subcluster (4 and 6, Fig. 4), similar to the majority of
the 16 S rRNA genes (Fig. 2).

This finding suggests at least one possible explanation for the
presence of these microorganisms. It can be hypothesized, that a
chemolithotrophic ammonia turnover by Thaumarchaeota could
influence the pH regulation of the human skin and therefore the
natural protective layer, but this remains to be proven. Addition-
ally, the interaction of humans with Archaea seems not to be
restricted to a passive and/or indirect methanogenic activity in
colon and mouth cavity, but could be an active and direct
relationship. Because protocols as used for the Human Micro-
biome Project apparently underestimated the presence of Archaea
in general, screening methods in science and medicine should be
better geared towards improved detection of Archaea, which will
then lead to a comprehensive understanding of their beneficial or
potentially pathogenic role in the human (skin) microbiome.

Supporting Information

Table S1 Overview of samples, characteristics and detection of
Archaea.

(DOCX)

Acknowledgments
We thank Robert Huber, Reinhard Wirth, Emma Gagen, Harald Huber,

Shariff Osman for valuable discussion and suggestions. We are grateful to
the teams in Friedrichshafen (EADS Astrium), Graz (Gabriele Berg,
Universitatsklinik Graz) and Regensburg (Caritas-Krankenhaus St. Josef)
for the possibility to access and sample clean rooms and intensive care
facilities. We are grateful to people who provided skin samples.

Author Contributions

Conceived and designed the experiments: AJP CM. Performed the
experiments: AJP AKA CM. Analyzed the data: AJP CM. Contributed
reagents/materials/analysis tools: AJP AKA CM. Wrote the paper: AJP
CM.

4. Grice EA, Segre JA (2011). The skin microbiome. Nat Rev Microbiol 9: 244—
253.

5. Huler J, Latimer AM, Henley JB, Rountree NR, Fierer N, et al. (2012). A jungle
in there: Bacteria in belly buttons are highly diverse, but predictable. PLoS One
7(11): e47712.

6. Caporaso JG, Lauber CL, Costello EK, Berg-Lyons D, Gonzalez A, et al. (2011).
Moving pictures of the human microbiome. Genome Biology 12: R50.

June 2013 | Volume 8 | Issue 6 | €65388



20.

21.

22.

23.

26.

27.

. Lepp PW, Brinig MM, Ouverney CC, Palm K, Armitage GC, et al. (2004)

Methanogenic Archaea and human periodontal disease. Proc Natl Acad Sci
USA 101: 6176-81.

. Oxley AP, Lanfranconi MP, Wiirdemann D, Ott S, Schreiber S, et al. (2010)

Halophilic archaea in the human intestinal mucosa. Environ Microbiol 12:

2398-2410.

. Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, et al. (2012) Evaluation

of general 16 S ribosomal RNA gene PCR primers for classical and next-
generation sequencing-based diversity studies. Nucleic Acids Res. 41: el. doi:
10.1093.

. Moissl C, Bruckner JC, Venkateswaran K (2008) Archaeal diversity analysis of

spacecraft assembly clean rooms. ISME J 2: 115-119.

. Moissl-Eichinger C (2011) Archaea in artificial environments: their presence in

global spacecraft clean rooms and impact on planetary protection. ISME J 5:
209-219.

. Pester M, Schleper C, Wagner M (2011) The Thaumarchacota: an emerging

view of their phylogeny and ecophysiology. Curr Opin Microbiol 14: 300-306.

. LaDuc MT, Vaishampayan P, Nilsson HR, Torok T, Venkateswaran K (2012)

Pyrosequencing-derived bacterial, archaeal, and fungal diversity of spacecraft
hardware destined for Mars. Appl Environ Microbiol 78: 5912-5922.

. Leininger S, Urich T, Schloter M, Schwark L, Qi J, et al. (2006) Archaca

predominate among ammonia-oxidizing prokaryotes in soils. Nature 442: 806
9

. Probst A, Facius R, Wirth R, Moissl-Eichinger C (2010) Validation of a nylon-

flocked-swab protocol for efficient recovery of bacterial spores from smooth and
rough surfaces. Appl Environ Microbiol 76: 5148-5158.

. Probst A, Facius R, Wirth R, Wolf M, Moissl-Eichinger C (2011) Recovery of

Bacillus spore contaminants from rough surfaces: a challenge to space mission
cleanliness control. Appl Environ Microbiol 77: 1628-1637.

. Kwan K, Cooper M, LaDuc MT, Vaishampayan P, Stam C, et al. (2011)

Evaluation of procedures for the collection, processing, and analysis of
biomolecules from low-biomass surfaces. Appl Environ Microbiol 77: 2943
2953.

. Nocker A, Sossa-Fernandez P, Burr MD, Camper AK (2007) Use of propidium

monoazide for live/dead distinction in microbial ecology. Appl Environ

Microbiol 73: 5111-5117.

. Probst AJ, Holman H-YN, DeSantis TZ, Andersen GL, Birarda G, et al. (2012)

Tackling the minority: Sulfate-reducing bacteria in an archaea-dominated
subsurface biofilm. ISME J 7: 635-651.

Burggraf S, Olsen GJ, Stetter KO, Woese CR (1992) A phylogenetic analysis of
Aquafex pyrophilus. Syst Appl Microbiol. 15: 352-356.

Lane DJ (1991) 16 S/23 S rRNA sequencing. In: Stackebrandt E, Goodfellow
M, editors. Nucleic Acid Techniques in Bacterial Systematics. New York: Wiley.
115-175.

Miihl H, Kochem A-J, Disqué¢ C, Sakka SG (2010) Activity and DNA
contamination of commercial polymerase chain reaction reagents for the
universal 16 S rDNA real-time polymerase chain reaction detection of bacterial
pathogens in blood. Diagn Micr Infec Dis 66: 41-49.

Raskin L, Stromley J, Rittmann B, Stahl D (1994) Groupspecific 16 S rRNA
hybridization probes to describe natural communities of methanogens. Appl
Environ Microbiol 60: 1232-1240.

Stahl DA, Amann R (1991) Development and application of nucleic acid probes.
In: Stackebrandt E, Goodfellow M, editors. Nucleic acid techniques in bacterial
systematics. New York: John Wiley and Sons. 205-248.

. Huber H, Hohn M]J, Rachel R, Fuchs R, Wimmer VC, et al. (2002) A new

phylum of Archaea represented by a nanosized hyperthermophilic symbiont.
Nature 417: 63-67.

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

Gantner S, Andersson AF, Alonso-Saez L, Bertilsson S (2011) Novel primers for
16 S rRNA-based archaeal community analyses in environmental samples.

J Microbiol Methods 84: 12-18.

PLOS ONE | www.plosone.org

10

28.

30.

31.

32.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

Archaea on Human Skin

Pruesse E, Peplies J, Gloeckner FO (2012) SINA: accurate high-throughput
multiple sequence alignment of ribosomal RNA genes. Bioinformatics 28: 1823~
1829.

. Burggraf S, Stetter KO, Rouviere P, Woese CR (1991) Methanopyrus kandleri: an

archaeal methanogen unrelated to all other known methanogens. Syst Appl
Microbiol 14: 346-351.

DeLong EF (1992) Archaca in costal marine environments. Proc Natl Acad Sci
89: 5685-5689.

Casamayor EO, Massana R, Benlloch S, Overeas L, Diez B, et al. (2002)
Changes in archaeal, bacterial, and eukaryal assemblages along a salinity
gradient by comparison of genetic fingerprinting methods in a multipond solar
saltern scaling plots. Appl Environ Microbiol 4: 338-348.

Brunk CF, Eis N (1998) Quantitative measure of small subunit rRNA gene
sequences of the Kingdom Korarchaeota. Appl Environ Microbiol 64: 5064—
5066.

Embley TM, Finlay BJ, Thomas RH, Dyal PL (1992) The use of rRNA
sequences and fluorescent probes to investigate the phylogenetic positions of the
anaerobic ciliate Metopus palagformis and its archaeobacterial endosymbiont. ] Gen
Microbiol 138: 1479-1487.

. Burggraf S, Huber H, Stetter KO (1997) Reclassification of the crenarchael

orders and families in accordance with 16 S rRNA sequence data. Int J Syst
Bacteriol 47: 657-660.
Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, et al. (2009)
Introducing mothur: open-source, platform-independent, community-supported
software for describing and comparing microbial communities. Appl Environ
Microbiol 75: 7537-7541.
McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, et al. (2012)
An improved Greengenes taxonomy with explicit ranks for ecological and
evolutionary analyses of bacteria and archaca. ISME J 6: 610-618.
Ludwig Q, Strunk O, Westram R, Richter L, Meier H, et al. (2004) ARB: a
software environment for sequence data. Nuc Acids Res 32: 136-1371.
Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, et al. (2007) SILVA: a
comprehensive online resource for quality checked and aligned ribosomal RNA
sequence data compatible with ARB. Nucleic Acids Res 35: 7188-7196.
Tourna M, Freitag TE, Nicol GW, Prosser JI (2008) Growth, activity and
temperature responses of ammonia-oxidizing archaea and bacteria in soil
microcosms. Environ Microbiol 10: 1357-1364.
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local
alignment search tool. J] Mol Biol 215: 403-410.
Moissl C, Rudolph C, Huber R (2002) Natural communities of novel archaca
and bacteria with a string-of-pearls-like morphology: Molecular analysis of the
bacterial partners. Appl Environ Microbiol 68: 933-937.
Klappenbach JA, Saxman PR, Cole JR, Schmidt TM (2001) RrnDB: the
ribosomal RNA operon copy number database. Nucleic Acids Res 29: 181-184.
Mussmann M, Brito I, Pitcher A, Sinninghe Damsté JS, Hatzenpichler R, et al.
(2011) Thaumarchaeotes abundant in refinery nitrifying sludges express amod
but are not obligate autotrophic ammonia oxidizers. Proc Natl Acad Sci USA
108: 16771-16776.
Flores GE, Bates ST, Knights D, Lauber CL, Strombaugh J, et al. (2011)
Microbial biogeography of public restroom surfaces. PLoS One 6: ¢28132.
Sauder LA, Peterse FF, Schouten SS, Neufeld JD (2012) Low-ammonia niche of
ammonia-oxidizing archaea in rotating biological contactors of a municipal
wastewater treatment plant. Environ Microbiol 14: 2589-600.
Koénneke M, Bernhard AE, de la Torre JR, Walker CB, Waterbury JB, et al.
(2005) Isolation of an autotrophic ammonia-oxidizing marine archacon. Nature
437: 543-546.
Lehtovirta-Morley LE, Stoecker K, Vilcinskas A, Prosser JI, Nicol GW (2011)
“ultivation of an obligate acidophilic ammonia oxidizer from a nitrifying acid
soil. Proc Natl Acad Sci USA 108: 15892-15897.
Nose K, Mizuno T, Yamane N, Kondo T, Ohtani H et al. (2005) Identification
of ammonia in gas emanated from human skin and its correlation with that in

blood. Anal Sci 21: 1471-1474.

June 2013 | Volume 8 | Issue 6 | €65388



