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Archaea play an important role in various biogeochemical cycles. They are known extremophiles inhabiting environments such as
thermal springs or hydrothermal vents. Recent studies have revealed a significant abundance of Archaea in moderate environments,
for example, temperate sea water. Nevertheless, the composition and ecosystem function of these marine archaeal communities is
largely unknown. To assess diversity and composition of active archaeal communities in the German Bight, seven marine water
samples were taken and studied by RNA-based analysis of ribosomal 16S rRNA. For this purpose, total RNA was extracted from
the samples and converted to cDNA. Archaeal community structures were investigated by pyrosequencing-based analysis of 16S
rRNA amplicons generated from cDNA. To our knowledge, this is the first study combining next-generation sequencing and
metatranscriptomics to study archaeal communities in marine habitats. The pyrosequencing-derived dataset comprised 62,045
archaeal 16S rRNA sequences. We identified Halobacteria as the predominant archaeal group across all samples with increased
abundance in algal blooms. Thermoplasmatales (Euryarchaeota) and the Marine Group I (Thaumarchaeota) were identified in

minor abundances. It is indicated that archaeal community patterns were influenced by environmental conditions.

1. Introduction

It has been calculated that one mL of oceanic sea water con-
tains up to 10° different microorganisms [1]. These archaea,
bacteria, protists, and unicellular fungi contribute 98% to
the primary biomass production and are involved in almost
all biogeochemical cycles [2]. It has been estimated that
the global ocean harbors approximately 1.3 x 10°® archaeal
cells and 1.3 x 10?8 bacterial cells, which together constitute
63% to 90% of the entire marine picoplankton [3]. In
addition, high numbers of Archaea have been found in
marine sediments [4].

In contrast to their relatives living in extreme environ-
ments, little is known on marine Archaea. This is partly due
to the unavailability of pure cultures. Marine Archaea might
be involved in the oceanic nitrogen cycle as some marine
Crenarchaeota are capable of nitrification [5]. However,

our knowledge of the archaeal role in oceanic ecology is
rudimentary and their influence on global biogeochemical
cycles is largely unexplored [6].

Culture-independent approaches have greatly advanced
our knowledge of the diversity and ecology of marine micro-
bial communities [7-9]. Next-generation sequencing (NGS)
contributed to this advancement. For example, many differ-
ent ecosystems such as soil [10, 11] or sea water [12] have
been studied by DNA-based high throughput sequencing
of 16S rRNA gene fragments and analysis of the obtained
sequences. The main drawback of DNA-based metagenomic
approaches is the inability to distinguish between active and
inactive community members.

Active members and functions of microbial communities
are accessible by employing RNA-based metatranscriptomic
approaches. For example, Urich et al. [13] analyzed the
composition and metabolic potential of active soil microbial
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communities by sequencing of reverse transcribed total RNA.
Other studies analyzed gene expression in ocean surface
waters [8] or in a deep-sea hydrothermal plume [14]. How-
ever, mainly bacterial communities and their capabilities
were analyzed in these studies.

In this paper, we investigated the composition of active
archaeal communities in surface water derived from the
southeastern part of the North Sea, the German Bight. The
northwest of the German Bight is separated from the remain-
ing North Sea by the Doggerbank, a large sandbank. Large
coastal parts of the bight are shallow with water depths
of approximately 2 to 12 meters. In our investigation, we
collected seven water samples at different locations and
depths in these shallow offshore areas.

The aim of our study was to assess the active archaeal
community structures in the southern North Sea employing
next-generation sequencing of 16S rRNA amplicons gener-
ated by reverse transcription polymerase chain reaction (RT-
PCR). To our knowledge, this is the first study using this
combined approach to study marine archaeal communities.

2. Material and Methods

2.1. Sampling and Sample Preparation. Seven marine water
samples were taken for archaeal community analysis. Appro-
ximately 50 liters of sea water per sampling site were collected
on board of the research vessel Heincke in May 2010 employ-
ing a conductivity, temperature, and depth (CTD) profiler.
All sites were located in the German Bight. Sea water samples
were prefiltered through a 10 ym-mesh-size nylon net and
a filter sandwich consisting of a precombusted (4h at
450°C) 47 mm-diameter glass fiber filter (Whatman GF/D;
Whatman, Maidstone, UK) and a 47 mm-diameter (pore
size 3.0um) polycarbonate filter (Nuclepore, Whatman).
Bacterioplankton was harvested by filtration of 1 L prefiltered
sea water through a filter sandwich consisting of a glass fiber
filter (Whatman GF/F) and a 47 mm-diameter (pore size
0.2 ym) polycarbonate filter (Nuclepore, Whatman).

Additionally, marine phytoplankton samples were col-
lected by employing a plankton net (pore size 55 ym). The
composition of the algal community was determined by
microscopy of the collected samples.

2.2. RNA Extraction and Purification. Total RNA was ex-
tracted as described by Weinbauer et al. [15]. One 47 mm-
diameter filter (pore size 0.2um) was used per sample.
Subsequently, RNA was purified employing the RNeasy Mini
Kit as recommended by the manufacturer (Qiagen, Hilden,
Germany).

To remove residual DNA from RNA samples, Ambions
TURBO DNase (Invitrogen, Carlsbad, USA) was used
according to the instructions of the manufacturer with
one modification: subsequent to a standard reaction, 0.5 uL
of TURBO DNase per 10ug of RNA was added to the
mixture, and incubation was performed at 37°C for 15 min.
Phenol/Chloroform/Isoamyl alcohol (25:24:1) was used to
inactivate the DNase.
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The presence of remaining DNA was tested by PCR
using the 16S rRNA gene as a target gene for ampli-
fication. The following two primer sets were employed:
8F/518R (5'- AGAGTTTGATCCTGGCTCAG-3' [16] and 5'-
ATTACCGCGGCTGCTGG-3" [17]) and 1055F/1378R (5'-
ATGGCTGTCGTCAGCT-3" [18] and 5-CGGTGTGTACA-
AGGCCCGGGAACG-3" [19]).

The PCR reaction mixture (25uL) for amplification of
the target gene contained 2.5 uL of 10-fold Mg-free Taq poly-
merase buffer (Fermentas, St. Leon-Rot, Germany), 200 uM
of each of the four desoxynucleoside triphosphates, 1.75 mM
MgCl,, 0.4 uM of each primer, 1 U of Tag DNA polymerase
(Fermentas), and approximately 100ng of purified RNA
sample as template. The following thermal cycling scheme
was used: initial denaturation at 94°C for 2 min, 28 cycles
of denaturation at 94°C for 1.5 min, annealing at 55°C for
1 min, followed by extension at 72°C for 40s. The final
extension was carried out at 72°C for 10 min.

2.3. Synthesis of cDNA from Total RNA. cDNA was syn-
thesized from total RNA by employing the SuperScript
Double-Stranded ¢cDNA Synthesis Kit (Invitrogen) with
modifications of the first strand synthesis protocol: 10 uL
of total RNA (up to 5ug) were mixed with 1L of random
hexamer primers (Roche, Mannheim, Germany) and 1 uL
dNTP mixture containing 10mM of each of the four
desoxynucleoside triphosphates. The mixture was incubated
for 10 min at 70°C and chilled on ice. Four yL 5x first-strand
buffer, 1 uL of 0.1 M DTT, and 1 4L RNA protect (Fermentas)
were added, and the reaction mixture was incubated for
2min at 25°C. Subsequently, 1 yL of SuperScript II reverse
transcriptase was added. The reaction was incubated for
10 min at 25°C and then for 1 h at 45°C. The generated cDNA
was subjected to 16S rRNA PCR.

2.4. Amplification of 16S rRNA and Pyrosequencing. To ana-
lyze archaeal diversity, the V3-V5 region of the archaeal
16S rRNA was amplified by PCR. The PCR reaction (25 uL)
contained 5uL of 5-fold Phusion GC buffer (Finnzymes,
Vantaa, Finland), 200 uM of each of the four desoxynucle-
oside triphosphates, 1.5mM MgCl,, 4 uM of each primer
(Table 1), 2.5% DMSO, 1U of Phusion High Fidelity Hot
Start DNA polymerase (Finnzymes), and approximately
50 ng of cDNA. The following thermal cycling scheme was
used: initial denaturation at 98°C for 5min, 25 cycles of
denaturation at 98°C for 45s, annealing at 68°C for 455,
followed by extension at 72°C for 30s. The final extension
was carried out at 72°C for 5 min. Negative controls were
performed by using the reaction mixture without template.
Primer sequences for amplification of the V3-V5 region
[20] as well as 454 adaptors with the unique MIDs for each
sample are listed in Table 1. The resulting PCR products were
checked for appropriate size and then purified by using the
peqGOLD Gel Extraction Kit (Peqlab, Erlangen, Germany)
as recommended by the manufacturer. Three independent
PCR reactions were performed per sample, purified by gel
extraction, and pooled in equal amounts. Quantification of
the PCR products was performed using the Quant-iT dsDNA
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TaBLE 1: Primers used for amplification of the V3-V5 region of the archaeal 16S rRNA [20].
Sample Primer . . Sequence (5_’_3’) .
454-Adaptor (Lip-A Kit) Key Unique MID Archaeal 16S rRNA specific

655 ARC344F CGTATCGCCTCCCTCGCGCCA TCAG ACTGTACAGT ACGGGGYGCAGCAGGCGCGA
658 ARC344F CGTATCGCCTCCCTCGCGCCA TCAG AGACTATACT ACGGGGYGCAGCAGGCGCGA
659 ARC344F CGTATCGCCTCCCTCGCGCCA TCAG AGCGTCGTCT ACGGGGYGCAGCAGGCGCGA
660 ARC344F CGTATCGCCTCCCTCGCGCCA TCAG AGTACGCTAT ACGGGGYGCAGCAGGCGCGA
664 ARC344F CGTATCGCCTCCCTCGCGCCA TCAG ATAGAGTACT ACGGGGYGCAGCAGGCGCGA
670 ARC344F CGTATCGCCTCCCTCGCGCCA TCAG CACGCTACGT ACGGGGYGCAGCAGGCGCGA
671 ARC344F CGTATCGCCTCCCTCGCGCCA TCAG CAGTAGACGT ACGGGGYGCAGCAGGCGCGA
All ARCI915R CTATGCGCCTTGCCAGCCCGC TCAG ACAGTATATA GTGCTCCCCCGCCAATTCCT
BR Assay Kit and a Qubit fluorometer (Invitrogen) as rec-
ommended by the manufacturer. The Géttingen Genomics Sylt /.
Laboratory determined the sequences of the 16S rRNA by
using a Roche GS-FLX 454 pyrosequencer with Titanium 658+
chemistry (Roche, Mannheim, Germany).

659 664
2.5. Processing and Analysis of Pyrosequencing Derived Data o 6
Sets. Sequence data were deposited in the sequence read e
archive of the National Center for Biotechnology Informa-
tion under accession number SRA056839. Generated 16S .;Ijeli‘g-ole_md
rRNA datasets were processed and analyzed employing the 'y

QIIME 1.4 software package and other tools [21]. The
sequences were initially processed according to the denoising
of 454 datasets workflow. Sequences shorter than 300 bp,
with an average quality value below 25, or possessing homo-
polymers longer than 8bp were removed. Afterwards, the
sequences were denoised. Cutadapt was used to truncate
remaining primer sequences [22]. Chimeric sequences were
removed using UCHIME and the Green Genes Gold dataset
as reference database [23-25].

Remaining sequences were clustered employing the
UCLUST algorithm [23] and the following QIIME scripts:
pick_otus.py and pick_rep_set.py. The sequences were clus-
tered in operational taxonomic units (OTUs) at 3% and 1%
genetic dissimilarity. Phylogenetic composition was deter-
mined using the QIIME assign_taxonmy.py script. A BLAST
alignment [26] against the most recent Silva ARB database
[27] was thereby performed. Sequences were classified with
respect to the taxonomy of their best hit in the ARB database.
Finally, OTU tables were generated.

2.6. Rarefaction Analysis and Diversity Analysis. Rarefaction
curves, Shannon indices [28], and Chaol indices [29]
were calculated employing QIIME scripts. In addition, the
maximal number of OTUs (#,,) was estimated for each
sample in R (version 2.15) [30] using the data derived from
the QIIME rarefaction analysis and a nonlinear regression
model based on Michaelis-Menten kinetics [31].

To compare archaeal community structures across all
samples based on phylogenetic or count-based distance met-
rics, a principal coordinate analysis (PCoA) was performed
using QIIME. The following scripts were successively used
to generate a phylogenetic tree at 1% genetic distance prior
to PCoA calculation: align_seqgs.py (PyNAST algorithm),

655+

F1GURE 1: Satellite image of the German Bight showing the locations
of the seven sampling sites (Image: ESA/NASA - SOHO/LASCO).
Samples taken during an algal bloom (samples 659, 660, 664, 670,
and 671) are shown in red. Sample 655 taken at a river outfall and
sample 658 originating from outside the algal bloom in blue and
green, respectively.

filter_alignment.py, and make_phylogeny.py. The tree and
the respective OTU table were used to generate PCoAs
employing the “beta_diversity_through_plots.py” script.

3. Results

3.1. Environmental Parameters. Marine water samples for
archaeal community analysis were randomly collected
at seven different locations in the German Bight (Figure 1,
Table 2). Five samples (sites 659, 660, 664, 670, and 671) were
taken in presence of an algal bloom. The other two samples
derived from a river outfall (655) and from a site outside
the algal bloom (658). The algal blooms observed during the
sampling were mainly dominated by the genus Phaeocystis.
Diatoms of the genus Rhizosolenia and some dinoflagellates
were also identified but only in minor abundances.



TaBLE 2: Parameters of sampling sites analyzed in this study.
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Site Latitude °N  Longitude °E  Depth (m) T (°C) Salinity (psu)  Fluorescence (mg/m?®)  Transmission (%)

655 River outfall 53°53.729 8°02.979 2 11.09 30.24 1.21 57.2
658 No bloom 54°45.754 7°26.780 2 9.73 32.71 0.49 81.23
659 Bloom 54°27.450 7°59.360 9 10.80 30.64 2.76 60.14
660 Bloom 54°27.250 8°00.110 2 10.83 30.65 1.89 72.28
664 Bloom 54°28.400 8°11.830 2 10.90 30.76 1.14 87.28
670 Bloom 54°27.570 8°12.420 2 11.43 30.83 —* 75.72
671 Bloom 54°26.940 8°12.970 2 11.70 31.04 —* 76.59
*Fluorescence was not measured due to a malfunction of the profiler.

Environmental factors at all seven sampling sites were 100 T W |
monitored employing a CTD profiler (Table 2). Tempera- _ N o e
tures and salinities ranged from 9.73 to 11.70°C and from g 7
30.24 to 32.71 psu, respectively. The lowest temperature and g
highest salinity were measured at site 658. All other sites T 979
showed similar conditions. Fluorescence was higher at bloom 3
sites due to a higher chlorophyll concentration, whereas 2 ]
transmission was reduced due to a higher turbidity in the kS
water. =95
3.2. Archaeal Community Structure Revealed by 16S rRNA- 10 ‘
Based Analysis. To assess archaeal community structures, 0 _

total RNA was extracted from the samples. Approximately
5 ug of total RNA per filter were extracted from each sample.
After removal of contaminating DNA and small RNAs, 0.25
to 1.5 ug of RNA were used as template for cDNA synthesis.
The V3-V5 region of the 16S rRNA was amplified from
the generated ¢cDNA. The resulting PCR products were
subjected to pyrosequencing. Sequence processing includ-
ing quality filtering, denoising, and removal of potential
chimeric sequences resulted in recovery of 62,090 high
quality sequences with a read length of =300 bp across all 7
samples. The average read length was 506 bp. The number of
sequences per sample ranged from 4,301 to 23,070. We were
able to assign 62,045 sequences to the domain Archaea and
to classify all of these sequences below the domain level. The
classified sequences were affiliated to three archaeal phyla
with twelve archaeal classes or similar phylogenetic groups.
Euryarchaeota was the most abundant archaeal phylum
(99.25%) and Halobacteria the predominant class across all
samples (>98.1%) (Figure 2). Most of the sequences affiliated
to the Halobacteria (97.81%) were affiliated to uncultured
members of the Deep Sea Hydrothermal Vent Group 6
(DHVEG-6) [32]. Interestingly, Halobacteria were more
abundant in bloom samples than in other samples (Figure 2).
Other archaeal groups present in all samples were the Marine
Group I (Thaumarchaeota) [33] and the Thermoplasamata
(Euryarchaeota). Sequences affiliated to the latter archaeal
group belonged to the uncultured members of the CCA47
[34] group and the Marine Group II [33].

3.3. Diversity and Species Richness of Archaeal Communities.
To determine the archaeal diversity and richness, rarefaction
analyses were performed with QIIME [21]. Alpha diversity
analysis was performed at the same level of surveying

655 656 659 660 664 670 671
Sample

= Halobacteria
Thermoplasmata

= Marine group I
Other archaeal groups

FIGURE 2: Relative sequence abundances of different archaeal phyla
and classes. Euryarchaeota, especially Halobacteria (98.14%), were
highly abundant. Thermoplasmata (0.75%) and the Marine Group 1
(0.58%) were found to some extent. All archaeal classes and groups
(abundance < 0.5%) are depicted together.

effort (3100 randomly selected sequences per sample). The
observed OTU number in the archaeal picoplankton ranged
from 252 to 454 OTUs (1% genetic distance) and from
250 to 417 OTUs (3% genetic distance) (Table 3). The
maximal expectable number of clusters for every sample was
determined by nonlinear regression based on the Michalis-
Menten equitation. The average OTU coverages were 62.3%
and 62.6% at 1% and 3% genetic distance, respectively.
Shannon indices ranged from 3.74 to 7.74 (1% genetic
distance) and from 3.63 to 7.62 (3% genetic distance).

Comparison of the rarefaction analyses with the number
of OTUs determined by Chaol richness estimator revealed
that at 1%and 3% genetic distances the rarefaction curves
(Figure 3) were not saturated and the richness estimators
indicated that 41.34% to 73.41% of the estimated rich-
ness, respectively, were recovered by the sequencing effort
(Table 3). Thus, we did not survey the full extent of taxo-
nomic diversity at these genetic distances, but a substantial
fraction of the archaeal diversity within individual samples
was assessed at genetic divergence of 3%.
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TABLE 3: Archaeal diversity and richness values at 1% and 3% genetic distance. Numbers of observed OTUs as well as Shannon and Chaol
values were calculated with QIIME [16]. The maximal OTU number (#,,x) in each sample was calculated by nonlinear modeling. Coverage
was determined based on observed OTUs and .. To compare community structures, 3100 randomly selected sequences form every sample
were used.

Sample Observed OTUs Max. OTUs (1ax) Coverage (%) Shannon index (H") Chaol
1% 3% 1% 3% 1% 3% 1% 3% 1% 3%
655 293 268 510 468 57.45 57.26 4.37 4.02 530 470
658 451 428 555 524 81.26 81.68 7.74 7.62 636 583
659 252 250 446 441 56.50 56.69 3.74 3.63 498 470
660 281 269 516 496 54.46 54.23 3.95 3.74 551 509
664 346 327 516 488 67.05 67.01 4.81 4.65 569 486
670 454 417 782 717 58.06 58.16 5.21 5.07 785 674
671 399 370 649 586 61.48 63.14 5.09 4.96 1227 895
1% genetic distance 3% genetic distance
500 ———— 500 ———— 11— ——
400 . 400 -
5 5
5 300 - 4 5 300 1 -
[ o
) 5
5 g
E 200 4 B 200 A -
3 ]
Z Z
100 - . 100 - -
0 L | 0 LA e L S B B
0 1000 2000 3000 0 1000 2000 3000
Number of sequences Number of sequences
655 664 655 664
658 670 658 670
659 671 659 671
— 660 —— 660

(a)

(b)

FIGURrE 3: Rarefaction curves for all seven sampling sites. Curves were calculated at 1% (a) and 3% (b) genetic distance level employing

QIIME [21]. Description of samplings sites is shown in Table 2.

3.4. Beta Diversity of the Bacterioplankton Community.
Changes of the active bacterial community in response to
different environmental conditions were examined by prin-
cipal coordinate analysis (PCoA) (Figure 4). Surveying effort
had no or little effect on diversity and community structure.
However, the PCoA analysis revealed that all samples exhibit-
ing similar environmental parameters such as temperature
and salinity were assigned to one site of the plot. In addition,
all bloom samples tend to cluster together. Sample 658 taken
outside the algal bloom was completely separated from all
other samples.

4. Discussion

Marine environments contain a high microbial biodiversity,
and marine microbial communities play major roles in many
biogeochemical cycles. Studies using culture-independent
approaches have greatly contributed to our understanding of

the extent of microbial diversity [35]. Most of these studies
focused on marine bacteria, whereas very little is known on
the diversity and ecology of marine Archaea. Recent metage-
nomic studies provided evidence for ammonium-oxidizing
Archaea being capable of nitrification [36]. Some marine
crenarchaeal lineages are thought to be important nitrifiers
in planktonic marine systems [37]. These results indicate
that Archaea are important players in the global nitrogen
cycle. However, detailed comparative ecological studies to
understand archaeal community patterns and environmental
drivers that shape these communities are missing [37].

This study focused on assessing the active archaeal com-
munity structure and richness in picoplankton samples
derived from the German Bight by metatranscriptomic
approaches. To our knowledge, this is the first study using
an RNA-based approach combined with NGS to analyze
archaeal community compositions. In addition, the obtained
average read length (506bp) is higher than in most other
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FIGURE 4: Weighted UniFrac 2D Principal Coordinate Analysis plot
for beta diversity analysis. Samples taken during an algal bloom
(samples 659, 660, 664, 670, and 671) are shown in red. Sample 655
taken at a river outfall and sample 658 originating from outside the
algal bloom in blue and green, respectively.

studies employing NGS sequencing of 16S rRNA gene ampli-
cons [38, 39]. The majority of sequences obtained was affil-
iated to the Euryarchaeota. Sapp et al. [40] studied marine
sediments derived from the Oyster Ground (North Sea) and
found high abundances of members of this phylum in their
samples. We identified Halobacteria as the most abundant
archaeal group. Members of this group can grow aerobically
as well as anaerobically. Large halobacterial blooms appear
reddish due to production of retinal-containing rhodopsins.
Rhodopsins are photoactive membrane proteins with a
highly conserved tertiary structure [41] and may serve
as an additional possibility to conserve energy. This is
advantageous in marine environments, as the concentration
of dissolved organic matter and other nutrients is usually
low [42]. Most of the halobacterial sequences analyzed in
this study were affiliated to the Deep Sea Hydrothermal
Vent Euryarchaeotal Group 6 (DHVE-6). This group was
originally described as a hydrothermal vent lineage [43]. It
was later renamed Miscellaneous Euryarchaeotic Group, as
members of this group were also found in marine sediment
[44] and in soil [45]. Another archaeal group found in all
samples was the Marine Group I (MG-I). It was originally
identified by sequencing of environmental 16S rRNA genes
derived from sea water [46, 47]. Members of MG-I account
for large fractions of marine prokaryotic picoplankton and
prokaryotic communities in deep sea water (below 3000 m).
Thermoplasmata were the third most abundant archaeal
class in the investigated samples. Most sequences were
affiliated to the CCA47 group. This group was originally
identified by 16S rRNA gene analysis of oxygen-depleted
marine environments [48]. Later, Ferrer et al. [34] found
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members of this group in anoxic subsaline sediments. A few
sequences assigned to Thermoplasmata were also affiliated to
the Marine Group II. DeLong [33] suggested that members
of Marine Group II (Euryarchaeota) are more abundant in
temperate sea water than Marine Group I (Crenarchaeota)
members. We found the opposite, as we recorded a higher
abundance of Marine Group I members in the studied
samples. Marine Group II members were almost absent in
the investigated samples. One reason for this discrepancy
might be that large parts of the German Bight are strongly
influenced by tidal currents. Thus, these currents might whirl
up archaeal cells from the sediment to the surface water, as
most of the identified groups were originally described as
inhabitants of marine sediments. Nonetheless, the number of
studies targeting archaeal communities in the water column
is substantially lower than that on marine sediments. Due to
this knowledge gap, the habitat preference of these archaeal
groups cannot be deduced definitely.

The impact of environmental conditions onto archaeal
community composition and richness has been rarely
studied. Auguet et al. [37] performed a general analytical
approach to find community patterns of uncultured Archaea
along environmental gradients or habitat types. Their results
indicate that habitat types have a greater effect on archaeal
community structures than other environmental conditions.
All samples investigated in our study originated from almost
the same habitat type, except for samples 655 and 658, which
were collected at a river outfall region and outside of the
algal bloom, respectively. Accordingly, all samples derived
from the bloom showed an almost identical community
composition. In addition, sample 655 showed a consimilar
community structure. This indicates that similar environ-
mental factors, such as temperature, salinity, and high
nutrient availability during algal blooms or at river outfalls,
have a similar impact onto composition of active archaeal
communities.

Herfort et al. [49] studied archaeal communities in the
southwestern North Sea via Denaturing Gradient Gel Elec-
trophoresis (DGGE) and showed a positive correlation
between the abundance of Euryarchaeota and chlorophyll
concentrations, whereas the abundance of Crenarchaeota
was negatively correlated with the chlorophyll concentration.
Teeling et al. [50] investigated bacterial communities near
Helgoland. They demonstrated that bacterial community
structures were highly influenced by the presence of an
algal bloom. In our study, we investigated the influence of
algal blooms on archaeal diversity by PCoA. Sample taken
in presence of a bloom shared a more similar community
structure. This indicates that marine archaeal communities
are also influenced by algal blooms or by environmental
parameters correlated with bloom presence. We observed
an increased number of Halobacteria in bloom samples.
This might be correlated with the high amounts of organic
matter in blooms. Halobacteria are the most active organisms
with respect to organic matter degradation in hypersaline
environments [37]. Thus the higher abundance of Halobac-
teria in algal bloom samples might indicate an involvement
in marine organic matter degradation under high nutrient
conditions found during algal blooms.
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Due to the lack of pure cultures and large compara-
tive investigations, robust conclusions on contributions of
marine archaeal communities to biogeochemical cycles can-
not be drawn. In this study, we found highly diverse and
active archaeal communities in the surface water of the
German Bight. Their ecological role is unknown, and further
research including analyses of expressed functional genes
needs to be performed to unravel the role of marine Archaea.

Acknowledgments

The authors thank the crew of the research vessel Heincke
for their valuable support and the people from Oldenburg,
especially Meinhard Simon and Helge-Ansgar Giebel, for the
hydrographic data and valuable help prior and during the
sampling. This work was funded by the Deutsche Forsch-
ungsgemeinschaft (DFG) as part of the collaborative research
center TRR 51.

References

[1] T. P. Curtis, W. T. Sloan, and J. W. Scannell, “Estimating pro-
karyotic diversity and its limits,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 99, no.
16, pp. 10494-10499, 2002.

[2] M. L. Sogin, H. G. Morrison, J. A. Huber et al., “Microbial div-
ersity in the deep sea and the underexplored “rare biosphere””
Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 32, pp. 12115-12120, 2006.

[3] M. B. Karner, E. E. Delong, and D. M. Karl, “Archaeal domi-
nance in the mesopelagic zone of the Pacific Ocean,” Nature,
vol. 409, no. 6819, pp. 507-510, 2001.

[4] H. Agogué, M. Brink, J. Dinasquet, and G. J. Herndl, “Major
gradients in putatively nitrifying and non-nitrifying Archaea
in the deep North Atlantic,” Nature, vol. 456, no. 7223, pp.
788-792, 2008.

[5] E.E DeLongand D. M. Karl, “Genomic perspectives in micro-
bial oceanography,” Nature, vol. 437, no. 7057, pp. 336-342,
2005.

[6] S. J. Giovannoni and U. Stingl, “Molecular diversity and
ecology of microbial plankton,” Nature, vol. 437, no. 7057, pp.
343-348, 2005.

[7] T. Brinkhoff, D. Fischer, J. Vollmers et al., “Biogeography and
phylogenetic diversity of a cluster of exclusively marine
myxobacteria,” International Society for Microbial Ecology Jour-
nal, vol. 6, no. 6, pp. 1260-1272, 2012.

[8] J. Frias-Lopez, Y. Shi, G. W. Tyson et al., “Microbial communi-
ty gene expression in ocean surface waters,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 105, no. 10, pp. 3805-3810, 2008.

[9] J. C. Venter, K. Remington, J. E Heidelberg et al., “Environ-
mental genome shotgun sequencing of the sargasso sea,” Sci-
ence, vol. 304, no. 5667, pp. 66-74, 2004.

[10] H. Nacke, A. Thiirmer, A. Wollherr et al., “Pyrosequencing-
based assessment of bacterial community structure along
different management types in German forest and grassland
soils,” PLoS ONE, vol. 6, no. 2, Article ID e17000, 2011.

[11] C. Will, A. Thiirmer, A. Wollherr et al., “Horizon-specific
bacterial community composition of german grassland soils,
as revealed by pyrosequencing-based analysis of 16S rRNA
genes,” Applied and Environmental Microbiology, vol. 76, no.
20, pp. 6751-6759, 2010.

[12] M. Vila-Costa, J. M. Gasol, S. Sharma, and M. A. Moran,
“Community analysis of high- and low-nucleic acid-contain-
ing bacteria in NW Mediterranean coastal waters using 16S
rDNA pyrosequencing,” Environmental Microbiology, vol. 14,
no. 6, pp. 1390-1402, 2012.

[13] T. Urich, A. Lanzén, J. Qi, D. H. Huson, C. Schleper, and S.
C. Schuster, “Simultaneous assessment of soil microbial com-
munity structure and function through analysis of the meta-
transcriptome,” PLoS ONE, vol. 3, no. 6, Article ID 2527,
2008.

[14] R. A. Lesniewski, S. Jain, K. Anantharaman, P. D. Schloss, and
G. J. Dick, “The metatranscriptome of a deep-sea hydrother-
mal plume is dominated by water column methanotrophs
and lithotrophs,” International Society for Microbial Ecology
Journal. In press.

[15] M. G. Weinbauer, I. Fritz, D. F. Wenderoth, and M. G. Hoéfle,
“Simultaneous extraction from bacterioplankton of total RNA
and DNA suitable for quantitative structure and function
analyses,” Applied and Environmental Microbiology, vol. 68, no.
3, pp. 10821087, 2002.

[16] V.I. Miteva, P. P. Sheridan, and J. E. Brenchley, “Phylogenetic
and physiological diversity of microorganisms isolated from
a deep greenland glacier ice core,” Applied and Environmental
Microbiology, vol. 70, no. 1, pp. 202-213, 2004.

[17] G. Muyzer, E. C. De Waal, and A. G. Uitterlinden, “Profiling
of complex microbial populations by denaturing gradient
gel electrophoresis analysis of polymerase chain reaction-
amplified genes coding for 16S rRNA,” Applied and Environ-
mental Microbiology, vol. 59, no. 3, pp. 695700, 1993.

[18] M. J. Ferris, A. Masztal, and D. H. Martin, “Use of species-
directed 16S rRNA gene PCR primers for detection of Atopo-
bium vaginae in patients with bacterial vaginosis,” Journal of
Clinical Microbiology, vol. 42, no. 12, pp. 5892-5894, 2004.

[19] M. Hartmann and E Widmer, “Reliability for detecting
composition and changes of microbial communities by T-
RFLP genetic profiling,” FEMS Microbiology Ecology, vol. 63,
no. 2, pp. 249260, 2008.

[20] Z. Yu, R. Garcia-Gonzilez, F. L. Schanbacher, and M. Morri-
son, “Evaluations of different hypervariable regions of arch-
aeal 16S rRNA genes in profiling of methanogens by Archaea-
specific PCR and denaturing gradient gel electrophoresis,”
Applied and Environmental Microbiology, vol. 74, no. 3, pp.
889-893, 2008.

[21] J. G. Caporaso, J. Kuczynski, J. Stombaugh et al.,, “QIIME
allows analysis of high-throughput community sequencing
data,” Nature Methods, vol. 7, no. 5, pp. 335336, 2010.

[22] M. Martin, “Cutadapt removes adapter sequences from high-
throughput sequencing reads,” EMBnet.Journal, vol. 17, no. 1,
pp. 10-12, 2011.

[23] R. C. Edgar, B. J. Haas, J. C. Clemente, C. Quince, and R.
Knight, “UCHIME improves sensitivity and speed of chimera
detection,” Bioinformatics, vol. 27, no. 16, Article ID btr381,
pp. 2194-2200, 2011.

[24] P. D. Schloss, D. Gevers, and S. L. Westcott, “Reducing the
effects of PCR amplification and sequencing artifacts on 16S
rRNA-based studies,” PloS ONE, vol. 6, no. 12, Article ID
€27310, 2011.

[25] T. Z. DeSantis, P. Hugenholtz, N. Larsen et al., “Greengenes,
a chimera-checked 16S rRNA gene database and workbench
compatible with ARB,” Applied and Environmental Microbiol-
ogy, vol. 72, no. 7, pp. 5069-5072, 2006.

[26] C.Camacho, G. Coulouris, V. Avagyan et al., “BLAST+: archi-
tecture and applications,” BMC Bioinformatics, vol. 10, article
421, 2009.



(27]

(33]

(34]

(38]

[45]

E. Pruesse, C. Quast, K. Knittel et al., “SILVA: a comprehensive
online resource for quality checked and aligned ribosomal
RNA sequence data compatible with ARB,” Nucleic Acids
Research, vol. 35, no. 21, pp. 7188-7196, 2007.

C. E. Shannon, “A mathematical theory of communication,”
SIGMOBILE Mobile Computing and Communications Review,
vol. 5, no. 1, pp. 3-55, 2001.

A. Chao and J. Bunge, “Estimating the number of species in
a stochastic abundance model,” Biometrics, vol. 58, no. 3, pp.
531-539, 2002.

RDevelopmentCoreTeam, R: A Language and Environment For
Statistical Computing, 2012.

L. Michaelis and M. L. Menten, “Die kinetik der invertinwirk-
ung,” Biochemistry Zeitung, vol. 49, no. 333-369, p. 352, 1913.
J. Kan, S. Clingenpeel, R. E. Macur et al., “Archaea in Yellow-
stone Lake,” International Society for Microbial Ecology Journal,
vol. 5, no. 11, pp. 1784-1795, 2011.

E. F. DeLong, “Oceans of archaea,” ASM News, vol. 69, no. 10,
p. 9, 2003.

M. Ferrer, M. E. Guazzaroni, M. Richter et al., “Taxonomic
and functional metagenomic profiling of the microbial com-
munity in the anoxic sediment of a sub-saline shallow lake
(Laguna de Carrizo, Central Spain),” Microbial Ecology, vol.
62, no. 4, pp. 824-837, 2011.

C. Simon and R. Daniel, “Metagenomic analyses: past and
future trends,” Applied and Environmental Microbiology, vol.
77, 0. 4, pp. 1153-1161, 2011.

R. Cavicchioli, M. Z. DeMaere, and T. Thomas, “Metagenomic
studies reveal the critical and wide-ranging ecological impor-
tance of uncultivated archaea: the role of ammonia oxidizers,”
BioEssays, vol. 29, no. 1, pp. 11-14, 2007.

J. C. Auguet, A. Barberan, and E. O. Casamayor, “Global eco-
logical patterns in uncultured Archaea,” International Society
for Microbial Ecology Journal, vol. 4, no. 2, pp. 182-190, 2010.

O. O. Lee, Y. Wang, J. Yang, F. E Lafi, A. Al-Suwailem, and P.
Y. Qian, “Pyrosequencing reveals highly diverse and species-
specific microbial communities in sponges from the Red Sea,”
International Society for Microbial Ecology Journal, vol. 5, no.
4, pp. 650-664, 2011.

J. A. Huber, D. B. Mark Welch, H. G. Morrison et al., “Micro-
bial population structures in the deep marine biosphere,”
Science, vol. 318, no. 5847, pp. 97-100, 2007.

M. Sapp, E. R. Parker, L. R. Teal, and M. Schratzberger,
“Advancing the understanding of biogeography-diversity rela-
tionships of benthic microorganisms in the North Sea,” FEMS
Microbiology Ecology, vol. 74, no. 2, pp. 410—429, 2010.

J. L. Spudich, C. S. Yang, K. H. Jung, and E. N. Spudich, “Ret-
inylidene proteins: structures and functions from archaea to
humans,” Annual Review of Cell and Developmental Biology,
vol. 16, pp. 365-392, 2000.

M. T. Madigan and T. D. Brock, Brock Biology of Microorgani-
sms, Pearson/Benjamin Cummings, San Francisco, Calif, USA,
2010.

K. Takai and K. Horikoshi, “Genetic diversity of archaea in
deep-sea hydrothermal vent environments,” Genetics, vol. 152,
no. 4, pp. 1285-1297, 1999.

K. B. SORensen, A. Lauer, and A. Teske, “Archaeal phylotypes
in a metal-rich and low-activity deep subsurface sediment of
the Peru Basin, ODP Leg 201, Site 1231,” Geobiology, vol. 2, no.
3, pp. 151-161, 2004.

K. Takai, D. P. Moser, M. DeFlaun, T. C. Onstott, and J. K.
Fredrickson, “Archaeal diversity in waters from deep South
African gold mines,” Applied and Environmental Microbiology,
vol. 67, no. 12, pp. 5750-5760, 2001.

[46]

(47]

(48]

Archaea

E. F. DeLong, “Archaea in coastal marine environments,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 89, no. 12, pp. 5685-5689, 1992.

J. A. Fuhrman, K. McCallum, and A. A. Davis, “Novel major
archaebacterial group from marine plankton,” Nature, vol.
356, no. 6365, pp. 148-149, 1992.

T. Stoeck and S. Epstein, “Novel eukaryotic lineages inferred
from small-subunit rRNA analyses of oxygen-depleted marine
environments,” Applied and Environmental Microbiology, vol.
69, no. 5, pp. 2657-2663, 2003.

L. Herfort, S. Schouten, B. Abbas et al., “Variations in spatial
and temporal distribution of Archaea in the North Sea in rela-
tion to environmental variables,” FEMS Microbiology Ecology,
vol. 62, no. 3, pp. 242-257, 2007.

H. Teeling, B. M. Fuchs, D. Becher et al., “Substrate-controlled
succession of marine bacterioplankton populations induced
by a phytoplankton bloom,” Science, vol. 336, no. 6081, pp.
608-0611, 2012.



International Joumal of

Peptl

BioMed Stem Ce||5 ~ International \ urnal of
Research International International ( Genomics

Journal of

Nucleic Acids

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal o L The SCientiﬁC
Signal Transduction World Journal

Anatomy var i
Research International Mlcroblology Research International Bioinformatics

International Journal of Biochemistry Advances in

Enzyme International Journal of Molecular Biology

Archaea Research Evolutionary Biology International




