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ABSTRACT
Little is known about the potential activity of microbial communities in hypersaline sediment ecosystems.
Ribosomal tag libraries of DNA and RNA extracted from the sediment of Lake Strawbridge (Western
Australia) revealed bacterial and archaeal operational taxonomic units (OTUs) with high RNA/DNA ratios
providing evidence for the presence of ‘rare’ but potentially “active” taxa. Among the ‘rare’ bacterial taxa
Halomonas, Salinivibrio and Idiomarina showed the highest protein synthesis potential. Rare but ‘active’
archaeal OTUs were related to the KTK 4A cluster and the Marine-Benthic-Groups B and D. We present the
first molecular analysis of the microbial diversity and protein synthesis potential of rare microbial taxa in a
hypersaline sediment ecosystem.
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Introduction

Hypersaline environments, especially salt lakes, are widely dis-
tributed and occur in various climate zones on all continents
(Williams 2002). Salt water contributes to a large fraction of
the total inland water. The global volume of freshwater lakes is
estimated to be 105 £ 103 km3, while the total volume of inland
saline water is with 85 £ 103 km3 (Shiklomanov 1990) nearly as
big. Since freshwater only contributes with 2.5% to the global
water resources (Gleick 1993), salinisation of freshwater is a
huge threat for water resources and ecosystems. Natural
(primary) salinisation mainly occurs in closed endorheic drain-
age basins in semi-arid and arid regions (Williams 1999). These
regions also suffer strongly from secondary salinisation which
is induced anthropogenically. Raising water tables due to irriga-
tion without proper drainage coupled with increasing soil salin-
ity by evaporation, replacement of the natural vegetation with
shallow rooted crops or introduction of wastewater by mining
activities are the major reasons for secondary salinisation
(Timms 2005; Williams 2002).

Several studies have reported on the vast diversity of micro-
bial life in hypersaline waterbodies (Jiang et al. 2006; Makh-
doumi-Kakhki et al. 2012; Mutlu et al. 2008; Parnell et al.
2010), sediments and soils (Jiang et al. 2006; Mesbah et al.
2007; Walsh et al. 2005; Youssef et al. 2012). Most of these
studies are based on the comparative sequence analysis of phy-
logenetic marker genes, such as the 16S rRNA gene. They
revealed that a large fraction of the identified microbial taxa
have no close cultured representatives in public culture

collections and therefore not much is known about the physiol-
ogy and actual in situ activity of these halophilic microorgan-
isms (Oren et al. 2009). It is one of the major goals in microbial
ecology to link the identification of microbial populations to
information about their in situ metabolic state.

In recent years next generation sequencing technologies
have expanded our knowledge on the diversity and composi-
tion of microbial communities in saline ecosystems (Bolhuis
and Stal 2011; Bowen et al. 2012; Youssef et al. 2012). These
massive parallel sequencing studies identified ‘rare’ taxa that
have previously not been found in smaller clone libraries and
many which are not closely related to cultivated strains. Thus,
not much is known about the functional role of this rare micro-
bial biosphere.

Nearly all sequencing studies of microbial communities are
usually based on rRNA gene libraries constructed by amplifying
DNA extracted from environmental samples. Environmental
DNA extracts can contain DNA from active cells, inactive but
viable cells, dormant, and dead cells. Moreover direct DNA
extracts from environmental samples might also include extra-
cellular DNA from degraded or lysed cells (Levy-Booth et al.
2007; Pietramellara et al. 2009) as well as structural exopolysac-
charide DNA (Harmsen et al. 2010; Seper et al. 2011). There-
fore analyses of microbial communities based on
environmental DNA extracts convey information on active,
inactive, and cell-free DNA and present a biased view of the
actual community structure or metabolic state of microbial
populations (Gentile et al. 2006).
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In contrast environmental RNA extracts provide a more
recent view on microbial activities because RNA has a
rapid turnover rate within cells (Deutscher 2006) and a rel-
atively short half-life compared to DNA once released from
a cell (Novitsky 1986). Thus, pyrotag libraries from reverse
transcripts (cDNA) of 16S RNA are more representative
for the ‘active’ fraction of the total microbial community
(Blazewicz et al. 2013). The number of sequencing tags of
a specific taxon in a RNA-based 16S rRNA library relative
to that in a DNA-based 16S rRNA gene library can be
used as a measure of potential activity. Therefore parallel
sequencing and comparison of 16S rRNA tag libraries
based on RNA and DNA can reveal if abundant taxa are
also ‘active’ and help to identify “rare” but “active” taxa.

This approach has been used in previous studies of
microbial communities in soils and lakes and provided the
basis for generating and testing hypotheses on the complex
interplay of microbial community structure and activity
(Campbell et al. 2011; Gaidos et al. 2011; Hunt et al. 2013;
Jones and Lennon 2010; Lanz�en et al. 2011). While rRNA
as an indicator of actual microbial activity in environmen-
tal communities has also limitations (Blazewicz et al.
2013), rRNA is a critical component of ribosomes and
therefore required for protein synthesis. The ratio of 16S
rRNA and 16S rRNA gene amplicons of a certain micro-
bial taxa can therefore serve as an indicator of its protein
synthesis potential.

Here we used parallel sequencing of 16S rRNA and 16S
rRNA gene tag libraries of a sediment profile of the hypersaline
Lake Strawbridge in Western Australia with the aim to (1)
describe the archaeal and bacterial community composition,
(2) compare the taxonomic richness and diversity of DNA- and
RNA-derived 16S rRNA sequence tag libraries, (3) identify
abundant and ‘rare’ taxa in the DNA-derived libraries that
were also abundant in the RNA-derived libraries, and (4) evalu-
ate if the RNA/DNA tag ratio as indicator of the protein syn-
thesis potential provides new insights into the occurrence and
distribution of ‘rare’ but ‘active’ taxa in a hypersaline sediment
ecosystem.

Material and Methods

Lake Strawbridge (32.84455�S, 119.39780�E, WGS84) is a
hypersaline lake located in south-west Australia in the Shire of
Lake Grace (Figure 1). Sediment samples were taken from the
northern shore line during a sampling campaign in March
2013. During sampling, the lake was nearly completely covered
with water due to heavy rainfall. Three sediment layers could
be distinguished: a top whitish layer (0–1 cm, dissolved salt
crust), a thick blackish layer (1–10 cm) and a greyish layer
(>10 cm). Samples for nucleic acid extraction of each layer
were taken with a sterile spatula and immediately transferred
to a 15-mL centrifuge tube containing 2 volumes of Life-
GuardTM Soil Preservation Solution (MoBio Laboratories,
Carlsbad, CA, USA) to stabilize nucleic acids. Samples were
stored at 4�C until nucleic acid extraction. For geochemical
analysis, sediment cores were taken by pushing a polypropylene
tube (4.5-cm diameter) into the soft sediment. After removing
the tube from the sediment both ends were sealed with rubber
stoppers and cores were stored at 4�C until analysis.

Geochemical analysis

The water content was determined by weighing wet sediment
samples from the three different horizons and subsequent dry-
ing at 105�C until weight stability. The samples were weighed
at room temperature to determine the dry weight. For pH
measurements, 10 g of air dried sediment were suspended in
25 mL of a 0.01 M CaCl2 solution and pH was measured after 2
h. Total organic carbon (Corg) was quantified in samples that
were dried at 60�C until weight stability with an Elementar
Vario EL element analyzer (Elementar Analysensysteme
GmbH, Hanau, Germany).

Due to the low water content and the consistency of the sed-
iment, ion content and soluble organic carbon were quantified
in reconstituted pore water (modified after (Emmerich et al.
2012)) as follows: 1 g of dried sediment was suspended in
20 mL deionized water and shaken for 24 h at 150 rpm. Sam-
ples were centrifuged for 5 minutes at 3750 g, and the

Figure 1. (A) Map of Western Australia and location of Lake Strawbridge. Grey shaded areas represent hypersaline lakes. (B) Sediment depth profile of the Lake Straw-
bridge sampling site.
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supernatant was diluted 1:20 in deionized water before filtra-
tion through a 0.45 mm pore size cellulose ester filter (Millex
HA filter, EMD Millipore Corporation, USA). Major ions were
quantified by ion chromatography (Dionex DX 120, Thermo
Scientific, Sunnyvale, CA, USA). Soluble organic carbon was
measured using a High TOC Elementar system (Elementar
Analysensysteme GmbH, Hanau, Germany).

Nucleic acid extraction and reverse transcription

For nucleic acids extraction sediment samples were treated as
described previously (Emmerich et al. 2012). RNA and DNA
were extracted in parallel using the RNA PowerSoil® Total
RNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA)
in combination with the RNA PowerSoil® DNA Elution Acces-
sory Kit (MoBio Laboratories, Carlsbad, CA, USA). For each
sediment layer, three independent extractions were performed.
Prior to reverse transcription, DNA was digested in the RNA
extracts with the Ambion TURBO DNA-freeTM Kit (Life Tech-
nologies, Carlsbad, CA, USA). Successful DNA removal was
confirmed by PCR using the general 16S rRNA gene primers
GM3 (50-AGAGTTTGATCMTGGCTCAG-30) (Lane 1991)
and 1392R (50-ACGGGCGGTGTGTRC-30) (Lane 1991) with
the following conditions: hot start at 70�C, 5 min at 95�C, 35
cycles with 1 min at 95�C, 1 min at 44�C and 3 min at 72�C fol-
lowed by a final elongation step of 10 min at 72�C. If no PCR
products were obtained, RNA extracts were used for reverse
transcription.

The reverse transcription reaction mix (total volume 13 mL)
contained 5 mL RNA (»0.5 to 1 mg), 8 mL DEPC-treated water,
2 mM dNTP mix (New England Biolabs, Ipswitch, MA, USA)
and 5 ng/mL random primer (Invitrogen, Life Technologies,
Carlsbad, CA, USA). The reaction mix was incubated for 5 min
at 65�C before 1x First Strand buffer (Invitrogen, Life Technol-
ogies, Carlsbad, CA, USA), 5 mM DTT (Invitrogen, Life Tech-
nologies, Carlsbad, CA, USA), 2 U RNaseOUTTM Recombinant
Ribonuclease Inhibitor (Invitrogen, Life Technologies, Carls-
bad, CA, USA) and 10 U SuperScript® III Reverse Transcriptase
(Invitrogen, Life Technologies, Carlsbad, CA, USA) were
added. The reaction mix was then incubated for 5 min at 25�C,
60 min at 50�C and 15 min at 70�C in a S1000 thermal cycler
(Bio-Rad Laboratories GmbH, Munich, Germany). cDNA was
stored at ¡20�C until further use.

454 Pyrosequencing of Bacterial and Archaeal
16S rRNA Genes

For 454 pyrosequencing, three independent DNA extracts and
cDNA samples per sediment layer were used. The bacterial
16S rRNA genes were amplified using primers 27F (50-
AGAGTTTGATCMTGGCTCAG-30) (Lane 1991) and 534R
(50-ATTACCGCGGCTGCTGGC-30) (Liu et al. 2007; Muyzer
et al. 1993) targeting the V1-V3 region of the 16S rRNA gene.
Archaeal 16S rRNA genes of the V6-V8 region were amplified
using the primers 958F (50-AATTGGANTCAACGCCGG-30)
(DeLong 1992) and 1392R (50-ACGGGCGGTGTGTRC-30)
(Pace et al. 1986). The primers 27F and 958F contained Roche’s
454 pyrosequencing barcodes and adaptor A, while primers
534R and 1392R contained adaptor B. PCR reactions for each

of the three DNA/cDNA samples were performed in duplicates
with the FastStart High Fidelity PCR system (Roche, Man-
nheim, Germany).

The obtained PCR products were pooled in eqimolar
amounts. Quality of the amplified DNA was confirmed on an
Experion® automated electrophoresis system (BioRad, Hercules,
CA, USA). Prior to sequencing, the PCR products were quanti-
fied using the Quant-iTTM PicoGreen® dsDNA assay kit (Invi-
trogen, Eugen, OR, USA) and a QuantiFluor®-ST fluorometer
(Promega, Madison, WI, USA). 454 pyrosequencing was per-
formed on a Roche GS Junior Sequencer (454 Life Sciences,
Branfort, CT, USA) according to the manufacturer’s instruc-
tions for amplicon sequencing. Pyrosequencing reads have
been deposited in the ENA Sequence Read Archive (SRA)
under accession number PRJEB7017.

Sequence analysis

Quality control, alignment and classification of the sequencing
data were performed using the software package MOTHUR,
version 1.33.3. (Schloss et al. 2009). Pryosequencing noise and
chimeras were removed with the in MOTHUR implemented
algorithms PyroNoise (Quince et al. 2009) and UCHIME
(Edgar et al. 2011) as described previously (Schloss et al. 2011).
Sequences shorter than 200 bp and sequences with homopoly-
mers longer than 8 bp were removed from the dataset. The
remaining sequences were aligned against a seed alignment
based on SILVA SSU Ref rRNA database (v.119) (Pruesse et al.
2007) and preclustered with the single-linkage algorithm apply-
ing a threshold of 2% (Huse et al. 2010).

A distance matrix was created and sequences were assigned
to operational taxonomic units (OTUs) on the species level at
1.3% genetic distance (Yarza et al. 2014) using the average
neighbor algorithm (Schloss and Westcott 2011). Sequences
were classified using the Na€ıve Bayesian Classifier (Wang et al.
2007) and the SILVA reference taxonomy (v. 119). Because 16S
gene copy numbers can vary in genomes of different organisms,
relative abundances of DNA-derived OTUs were corrected
based on the lineage specific gene copy number using the algo-
rithm copyrighter (v. 0.46) (Angly et al. 2014).

Before alpha diversity analysis random subsampling was
performed to normalize the dataset to the sample with the low-
est number of reads. Rarefaction curves, Good’s coverage esti-
mator (GC), richness estimators (Chao1, ACE), and diversity
indices (Shannon diversity, Simpson diversity) were calculated
based on 1.3% genetic distance using MOTHURs implementa-
tion of DOTUR (Schloss and Handelsman 2005). Cluster anal-
ysis on samples was performed using an Unweighted Pair
Group Method with Arithmetic Mean (UPGMA) algorithm
and was based on calculated Bray–Curtis dissimilarities
between the samples (Bray and Curtis 1957).

Heatmaps were created with the ggplot2 plotting function in
R (R Core Team 2013) based on the relative sequence abundan-
ces of the represented taxa. The relative sequence abundances
of the relevant taxa in the different sediment layers were nor-
malized by calculating Z-scores representing the number of
standard deviations a certain value differs from the mean.
Unfortunately, multivariate statistical analysis of the sequence
data to infer correlations between taxa abundance and
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geochemical parameters was hampered by the low number of
samples (n D 3 sediment layers) and the reduced set of geo-
chemical data. Furthermore, the focus of the study is on “rare”
taxa with high protein synthesis. However, the temporal com-
ponent of past, present, and potential future protein synthesis
activity is not reflected in the geochemical data set. Therefore,
even statistically significant correlations based on the available
data could lead to false biological interpretations and specula-
tions on interrelations that lack appropriate empirical support.
We therefore did not include them in the discussion of our
data.

Quantitative PCR of bacterial and archaeal
16S rRNA genes

Quantitative PCR (qPCR) of bacterial and archaeal 16S rRNA
genes was performed using an iQ5 real-time PCR detection sys-
tem (iQ5 optical system software, version 2.0, Bio-Rad). For
bacterial 16S rRNA gene copy numbers general bacterial pri-
mers 341F (50-CCTACGGGAGGCAGCAG-30) (Muyzer et al.
1995) and 797 R (50-GGACTACCAGGGTATCTAATCC-
TGTT-30) (Nadkarni et al. 2002) were used with a 16S rRNA
gene fragment of Thiomonas sp. cloned in a pCRTM 2.1® plas-
mid vector (Invitrogen, Darmstadt, Germany) as standard.
Archaeal 16S rRNA gene copy numbers were obtained using
the general archaeal primers 109F (50-ACKGCTCAGTAA-
CACGT-30) (Großkopf et al. 1998) and 915R (50 GTG-
CTCCCCCGCCAATTCCT-30) (Amann and Stahl 1991) with
a 16S rRNA gene fragment of Halobacterium salina cloned in a
pCRTM 4® plasmid vector (Invitrogen, Darmstadt, Germany) as
standard. 20 mL reaction volumes contained 1£ SsoFastTM Eva
Green® Supermix (Bio-Rad Laboratories GmbH, Munich,
Germany), 2 mL of hundredfold diluted DNA extract and
75 nM of primer 341F and 225 nM of primer 797R for bacterial
16S rRNA genes or 250 nM of archaeal 16S rRNA gene
primers.

qPCR conditions for bacterial primers were 2 min at 98�C,
40 cycles of 5 s at 98�C and 12 s at 60�C. Conditions for
archaeal primers were 3 min at 98�C, 40 cycles of 5 s at 98�C,
12 s at 52�C and 15 s at 72�C. Both protocols were followed by
a melting curve analysis. For each qPCR three independent
DNA extractions per sediment layer were measured in tripli-
cates. The average cell numbers were calculated considering the
average genomic 16S rRNA gene copy number retrieved from
lineage specific copy number correction of the different micro-
bial communities in each sediment layer by the algorithm copy-
righter (Angly et al. 2014).

Results

Geochemical characteristics of sediment samples

Geochemical parameters quantified for the three sediment
layers of Lake Strawbridge are summarized in Table 1. The
sediments were slightly alkaline with pH 8.3 in the layer
between 0-1 cm decreasing to pH 8.1 below 10 cm sediment
depth. Sediment water content varied between 16.3% in the
top layer and 23.8% in the layer from 1–10 cm depth. Usu-
ally, Lake Strawbridge sediments are permanently covered

by a centimeter thick salt crust. Due to severe rainfall prior to
the sampling campaign in March 2013 the salt crust was mostly
dissolved resulting in a pore water salinity of 185.6 g/L in the
top layer between 0–1 cm. Following rainfall events evapora-
tion quickly increases the salinity in this layer beyond satura-
tion (Youssef et al. 2012). The salinity was 117.8 g/L NaCl in
the sediment layer between 1–10 cm and 51.1 g/L NaCl below
10 cm depth. Comparable to the salinity, SO4

2¡ concentrations
decreased with sediment depth from 85.1 mM between 0–1 cm
to 13.8 mM in the sediment sampled below 10 cm depth. Solu-
ble and total organic carbon concentrations were highest in the
layer between 1–10 cm depth with 5.9 § 0.1 mg/L and
0.9 § 0.1% (w/w), respectively.

General sequencing statistics

Archaeal and bacterial amplicons were sequenced in two sepa-
rate GS junior sequencing runs yielding 173,976 archaeal and
190,034 bacterial raw sequence reads with an average read
length of 372 § 146 bp and 384 § 186 bp, respectively. After
quality processing with MOTHUR 71,186 archaeal and 79,772
bacterial high quality sequences remained. This resulted on
average in 11,864 § 2,091 archaeal and 13,295 § 2,042 bacte-
rial reads per RNA and DNA library for each sediment layer.

Alpha diversity of the microbial community

Rarefaction analysis of the archaeal DNA- and RNA-based
OTU richness showed that the rarefactions curves did not reach
an asymptote, and sampling did not recover the total estimated
diversity in the libraries (Figure 2A). Richness estimators indi-
cated that the observed richness covered on average 24 to 63%
of the estimated total archaeal richness in the different sedi-
ment layers. Bacterial rarefaction analysis (Figure 2B) revealed
a similar curve progression and the observed DNA- and RNA-
based OTU richness covered on average 21 to 48% of the esti-
mated total bacterial richness for all samples. In general, the
observed and estimated richness (based on the Chao1 and ACE
richness estimators) as well as the microbial diversity (based on
the Shannon and Simpson indices) were higher in the bacterial
than in the archaeal libraries for all sediment layers (Table 2).
Good’s coverage estimates ranged from 0.92 to 0.97 for the
archaeal communities and from 0.83 to 0.96 for the bacterial
communities.

In the RNA-based archaeal libraries, the sediment below
10 cm had the highest OTU diversity and richness while among

Table 1. Physical and chemical properties at different sediment depth of Lake
Strawbridge.

Sediment
depth(cm) pH

Water
content(%)

Salinitya

(g/L) SO4
2¡ (mM)

Soluble
organic

carbon(mg/L)
Corg
(%)b

0–1 8.3 16.3 185.6 85.1 2.2§ 0.0 0.1 § 0.0
1–10 8.2 23.8 117.8 21.1 5.9§ 0.1 0.9 § 0.1
>10 8.1 21.1 51.1 13.8 4.0§ 0.0 0.1 § 0.0

a as g/L NaCl.
b weight %.
Errors are given for duplicate measurements.
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the DNA-based archaeal libraries, the layer between 1–10 cm
had the highest OTU diversity and the sediment below 10 cm

the highest OTU richness. For both, the RNA- and DNA-based
bacterial libraries the OTU richness and diversity were highest
in the sediment below 10 cm. With the exception of the layer
between 1–10 cm, in the RNA-based archaeal libraries the top
layer had the lowest OTU richness and diversity in all archaeal
and bacterial libraries independent of whether they have been
derived from environmental RNA or DNA. The results of the
alpha diversity calculations showed that the microbial diversity
and richness increased with sediment depth. Rarefaction analy-
sis as well as observed OTU numbers, estimated OTU richness,
and calculated OTU diversity consistently revealed a lower
microbial diversity in the RNA-based read libraries compared
to the DNA-based libraries of archaeal and bacterial sequence
tags.

Archaeal and bacterial cell numbers

Bacterial and archaeal cell numbers were derived from quanti-
tative qPCR measurements. However, the application of quan-
titative PCR to estimate bacterial and archaeal cell numbers in
environmental DNA extracts has limitations (to name a few:
rRNA operon copy number variations, inhibitors, choice of
primer binding sites and resulting amplicon length) (Smith and
Osborn 2009), which is why results should be interpreted care-
fully. The amplification efficiencies of our Bacterial and
Archaeal qPCR assays were 90.66% and 84.24%, respectively.
The qPCR data is provided to ‘approximate’ total bacteria and
archaea cell numbers per gram of sediment in order to place
the sequencing data in relation to prokaryotic biomass in the
analyzed sediments.

Bacterial cell numbers were higher in all sediment layers
compared to archaeal cell numbers (Table 3). The highest cell
numbers were found in the top layer for both, archaeal and bac-
terial cells with 3.87 £ 108 and 7.56 £ 108 cells per g dry sedi-
ment, respectively. Lowest cell numbers were observed in the
layer between 1–10 cm for Archaea and Bacteria.

Archaeal taxonomic composition

All sediment layers of both, RNA- and DNA-based libraries
were dominated by Halobacteria (average relative sequence
abundance 78.4–99.8%) (Figure 3A). In the RNA-based librar-
ies the Thermoplasmata accounted for 9.5 to 10.0% relative

Figure 2. Rarefaction curves representing the number of observed OTUs in the
archaeal (A) and bacterial (B) community based on OTU clustering at a genetic
distance of 1.3%.

Table 2. Richness estimators, diversity indices and observed OTU numbers of archaeal and bacterial communities based on OTU clustering at a genetic distance of 1.3%.

Archaea Bacteria

Richness Diversity Richness Diversity

OTUsa GCb Chao1 ACEc Shannon Simpson OTUsa GCb Chao1 ACEc Shannon Simpson

0–1 cm rRNA 488 0.97 1164 1884 3.38 0.103 657 0.96 1631 2671 3.73 0.088
1–10 cm rRNA 401 0.97 838 1524 3.20 0.116 1383 0.92 3593 6517 3.87 0.164
>10 cm rRNA 530 0.96 1164 1835 3.50 0.101 1690 0.90 3758 6334 4.13 0.184

0–1 cm rRNA gene 714 0.95 1537 2535 4.64 0.025 2249 0.88 5057 7712 5.88 0.019
1–10 cm rRNA gene 965 0.95 1522 1822 5.02 0.046 2931 0.83 6601 11120 6.57 0.010
>10 cm rRNA gene 1178 0.92 2794 4962 5.00 0.034 2944 0.84 6091 9631 6.67 0.007

a Observed richness.
b Good’s coverage.
c Abundance-based coverage estimator.
Prior to alpha diversity calculation random subsampling was performed to normalize the dataset to the sample with the lowest number of reads.
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sequence abundance. The DNA-based community in the top
sediment layer and the sediment below 10 cm mainly consisted
of Halobacteria at relative sequence abundances of 99.8% and
98.4%, respectively, while the layer between 1–10 cm contained
Halobacteria (78.4%) and Thermoplasmata (15.8%). The Bray-
Curtis dissimilarities between the different sediment layers
were higher among the DNA-based libraries, while the differ-
ences among the RNA-based communities with a maximum
Bray-Curtis dissimilarity of 0.09 were quite small.

Bacterial taxonomic composition

The RNA-based libraries of all layers mainly consisted of Pro-
teobacteria (50.0–66.2%), Bacteroidetes (14.1–28.3%), Cyano-
bacteria (2.1–7.9%) and Firmicutes (2.3–19.2%) (Figure 3B).

The DNA-based library of the top sediment layer was domi-
nated by Proteobacteria (38.5%), Bacteroidetes (29.5%) and
Cyanobacteria (11.5%). In the DNA-based library of the sedi-
ment layer between 1–10 cm Proteobacteria and Firmicutes
were most abundant with 33.4% and 23.6%, respectively. The
largest sequence fractions of the DNA-based library of the sedi-
ment below 10 cm depth were related to the Proteobacteria
(33.1%), Chloroflexi (25.3%) and Firmicutes (11.6%). The simi-
larity among the sediment layers was higher among the RNA-
based bacterial libraries with Bray-Curtis dissimilarities ranging
from 0.17 to 0.27, than the DNA-based libraries (dissimilarities
0.44-0.45).

Microbial community structure

Logarithmic rank abundance curves for archaeal RNA-based
libraries (Figure 4A), archaeal DNA-based libraries
(Figure 4B), bacterial RNA-based libraries (Figure 4C) and bac-
terial DNA-based libraries (Figure 4D) were plotted to visualize
the distribution of abundant and rare OTUs among the differ-
ent samples. An OTU was considered abundant when its rela-
tive sequence abundance was greater than 1%. Accordingly,
“rare” OTUs had a relative sequence abundance of less than 1%
(Campbell et al. 2011). All libraries shared a peak of highly
abundant OTUs but the relative abundance of OTUs in the
RNA-based libraries tailed off at lower rank numbers.

Table 3. Archaeal and Bacterial cell numbers based on 16S rRNA gene copy num-
bers with standard error at different sediment depths.

Cell numbers per g dry sediment

Sediment
depth(cm) Archaea Bacteria

0–1 cm 3.87 £ 108 § 7.01 £ 107 7.56£ 108 § 1.48 £ 108

1–10 cm 5.88 £ 107 § 4.73 £ 106 1.13£ 108 § 2.88 £ 107

> 10 cm 9.91 £ 107 § 3.02 £ 107 4.73£ 108 § 8.89 £ 107

Figure 3. Relative abundances and hierarchical clustering of the archaeal (A) and bacterial (B) microbial communities in the different sediment layers of Lake Strawbridge.
The cluster analysis is based on the Bray-Curtis dissimilarity at a OTU clustering reflecting 1.3% genetic distance. Scale bars indicate a dissimilarity of 0.1. Relative abun-
dances of the dominant community members are shown on the phylum level for Bacteria and on the class level for Archaea. rRNA refers to the RNA-derived microbial
community composition, whereas rDNA represents the DNA-based 16S rRNA gene microbial sequence diversity.
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DNA-based libraries had considerable longer tails of low abun-
dant OTUs compared to the RNA-based libraries.

To visualize differences in archaeal and bacterial community
structure among the RNA and DNA-based sequence libraries
from the different sediment depths, we generated heatmaps
comprising all identified taxonomic groups with a relative
sequence abundance of at least 1% in either of the libraries
(Figures 5 and 6). The family Halobacteriaceae was the numeri-
cally dominant archaeal taxon in all sediment layers with rela-
tive abundances of 84.2–86.3% in the RNA-based and 78.3–
99.8% in the DNA-based libraries. When we tried to increase
the taxonomic resolution 11.5–40.0% of the Halobacteriaceae
in the RNA-based libraries and 16.8–30.9% in the DNA-based
libraries could not be classified on the genus level (Figure 5).

Among the Halobacteriaceae the genera Halogranum and
Haloarcula were highly abundant in the RNA-based librar-
ies with relative abundances of 30.2–62.7% and 5.1–7.1%,
respectively. All other genera of the family Halobacteriaceae
plotted in Figure 5 have mainly been found in the DNA-
based libraries and were either completely absent or only
present at low relative sequence abundances in the RNA-
based libraries. The archaeal order Thermoplasmatales

including the Marine Benthic Group D and the family KTK
4A had a higher sequence abundance in the RNA-based
libraries (9.5–10.0%) than in the DNA-based libraries with
the exception of the layer between 1–10 cm (11.7%). Also
the Marine Benthic Group B belonging to the Thaumarch-
aeota was more abundant in the RNA-based libraries com-
pared to its abundance in the DNA-based libraries
accounting for a relative sequence abundance between
1.8-3.7% across layers.

The dominant bacterial taxon in the RNA-based libraries
was Halomonas with sequence abundances of 30.3–47.7%
(Figure 6). Interestingly, in the DNA-based libraries Halomo-
nas belonged to the rare taxa and was only detected at relative
sequence abundances of 0.1% or lower. Salinibacter also
showed high relative abundances in the RNA-based libraries
(9.3–24.7%). Only in the top sediment layer did Salinibacter
reach similarly high relative sequence abundance in the DNA-
based library. The genera Salinivibrio, Salisaeta, Idiomarina,
Planococcus, Planomicrobium and Alkalibacterium were mainly
present in the RNA-based library of the top sediment layer,
whereas in the DNA-based libraries they were either not pres-
ent or occurred at sequence abundances below 0.1%. All other

Figure 4. Rank abundance of archaeal RNA-based libraries (A), archaeal DNA-based libraries (B), bacterial RNA-based libraries (C) and bacterial DNA-based libraries (D)
based on OTU clustering at a genetic distance of 1.3%. Continuous lines represent OTUs from DNA-based amplicon sequencing; dotted lines represent OTUs from RNA-
based amplicon sequencing. For better comparability the rank number for the DNA-based bacterial library (D) was limited to 2500.
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bacterial groups listed in Figure 6 were present in higher rela-
tive abundances in the DNA-based libraries.

The rank abundance and rarefaction curves as well as the
alpha diversity estimators revealed that the diversity and rich-
ness of the RNA-based libraries was consistently lower com-
pared to the DNA-based libraries. This is also supported by
direct comparison of the relative sequence abundances of
selected taxa between the libraries across all sediment layers.
The majority of taxonomic groups depicted in the heatmaps
numerically dominated the DNA-based libraries while only a
few individual taxa showed high relative sequence abundances
in the RNA-based libraries.

To further illustrate the different abundance representation
of individual taxa (>1%) in the RNA- and DNA-based tag
libraries, we calculated RNA/DNA ratios of the identified
archaeal and bacterial taxa and plotted their deviation from a
1:1 ratio in Figure 7. A 1:1 RNA/DNA ratio (solid line in
Figure 7) means that a respective taxa is equally represented by
its number of sequence tags in the RNA- and the DNA-derived
libraries. A high RNA/DNA ratio will characterize low abun-
dant but ‘active’ taxa (taxa with a high protein synthesis poten-
tial), while a low RNA/DNA ratio will describe taxa that were
numerically prominent but ‘inactive’ (taxa with a low protein
synthesis potential).

Overall the majority of the taxonomic groups were more
abundant in the DNA-based libraries. The taxonomic groups
that deviated most from a ratio of 1 have been highlighted in

Figure 7. The taxonomic groups Orenia, Natronomonas, Hala-
naerobacter, Candidatus Halobonum, Halorubrum, Caldithrix
and Haloplanus were characterized by a very low RNA/DNA
ratio (0.008–0.09) In contrast the taxonomic groups Halomo-
nas, Halogranum, Idiomarina, Alkalibacterium, Salinivibrio,
Marine Benthic Group B, Planococcus and Planomicrobium
were relatively ‘rare’ in the DNA-based libraries but showed a
high sequence abundance in the RNA-based libraries with
RNA/DNA ratios ranging from 6.15 to up to 1660.

Discussion

Geochemical characteristics

Lake Strawbridge sediments are permanently covered by a salt
crust of several centimeters thickness. Due to severe rainfall
prior to the sampling campaign in March 2013 the salt crust
was mostly diluted. This resulted in lower salinity of the sedi-
ments as indicated by a porewater salinity of 185.6 g/L in the
top layer, which is far below saturation. It is very likely that
salinity is naturally restored by evaporation after rainfall events
(Youssef et al. 2012)

Ribosomal RNA as an indicator for microbial activity

When using ribosomal tag sequencing of DNA and RNA in
order to identify the ‘active’ fraction of a microbial

Figure 5. Heatmap showing changes in the relative abundance of dominant archaeal taxa (relative sequence abundance in at least one sample>1%) in the different sed-
iment layers in the RNA- and DNA-based libraries. Z-scores represent the number of standard deviations a value differs from the mean and were used to normalize the rel-
ative taxa abundances in the different sediment layers. Positive Z-scores indicate values above the mean, negative Z-scores values below the mean. Numerical values in
the heatmap represent the relative abundances of the respective taxa. A value <0.1 indicates that relative abundance was below 0.1%, whereas 0.0 indicates that no
sequences for the respective taxonomic group were found. Taxonomic groups are given on the order, family or genus level.
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community it is important to consider the underlying
assumptions and limitations of the approach in the inter-
pretation of the obtained data. Currently there is not much
known about the correlation of growth and nongrowth
activities with cellular ribosomal RNA concentrations (Blaz-
ewicz et al. 2013). The correlation of ribosomal RNA con-
tent, growth rate and cellular activity is not directly
proportional and can differ among taxa (Binnerup et al.
2001; Kemp et al. 1993; Rosset et al. 1966; Youssef et al.
2012). Recently, Blazewicz et al. (2013) evaluated rRNA as

an indicator of microbial activity in environmental
communities.

The authors suggested to interpret cellular rRNA content as
indicator of the protein synthesis potential of a cell with limited
temporal resolution, meaning that a high rRNA content does
not only indicate if cells are presently active but also if cells
have recently been active or will become active in the future.
Therefore, the relative abundance of ribosomes and thereby
rRNA gives the maximum protein synthesis potential of a pop-
ulation at time of sampling but conveys no direct information

Figure 6. Heatmap showing changes in the relative abundance of dominant bacterial taxa (relative sequence abundance in at least one sample>1%) in the different sed-
iment layers of the RNA- and DNA- based tag libraries. Z-scores represent the number of standard deviations a value differs from the mean and were used to normalize
the relative taxa abundances in the different sediment layers. Positive Z-scores indicate values above the mean, negative Z-scores values below the mean. Numerical val-
ues in the heatmap represent the relative abundances of the respective taxa. A values <0.1 indicates that the relative sequence abundance was below 0.1% whereas 0.0
indicates that no sequences for the respective taxonomic group were found. Taxonomic groups are given on the order, family or genus level.
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on real-time protein synthesis. Nonetheless, parallel sequencing
of ribosomal RNA sequence tags derived from environmental
DNA and RNA pools reveal different microbial life strategies
and can provide new insights into the complex interplay
between cell abundance and activity in environmental micro-
bial communities (Campbell et al. 2011; Gaidos et al. 2011;
Hunt et al. 2013; Jones and Lennon 2010; Lanz�en et al. 2011;
Wilhelm et al. 2014).

Community composition and the ‘rare’ biosphere

OTU richness and diversity increased with sediment depth in
both, the RNA- and DNA-based libraries of Bacteria and
Archaea. One of the main factors limiting microbial diversity
in hypersaline environments is salinity. Generally microbial
diversity increases with decreasing salinity (Oren 2002) as also
seen here for Lake Strawbridge sediment samples. Observed
cell numbers in Lake Strawbridge sediment samples were in the
same order of magnitude (107–108) as in other hypersaline
lakes like Lake Quinghai (Dong et al. 2006) and Lake Chaka
(Jiang et al. 2007). Based on cell numbers Bacteria were more
abundant than Archaea in all sediment layers of Lake Straw-
bridge. This correlates with results for Lake Kasin (Emmerich
et al. 2012) and La Salle del Rey sediments (Hollister et al.
2010). Other studies reveal that Archaea are the dominant
organisms (Jiang et al. 2007; Swan et al. 2010). So far, the fac-
tors leading to the dominance of archaeal or bacterial cells
remain unclear.

In the rank abundance analysis we observed an elongated
tail of rare OTUs in the DNA-based libraries indicating the

existence of a ‘rare’ biosphere in the sediments of Lake Straw-
bridge which has also been reported for other environments
previously (Elshahed et al. 2008; Galand et al. 2009; Pedr�os-
Ali�o 2011; Sogin et al. 2006). Because richness estimators and
rarefaction analysis indicated that our sequencing approach
covered 21–63% of the estimated total diversity, the true extent
of Lake Strawbridge sediment’s ‘rare’ biosphere remains to be
explored. However, Good’s coverage values, indicative of the
percentage of estimated total phylotypes present in a sample,
suggested that we covered the majority of archaeal and bacterial
phylotypes in Lake Strawbridge. Alpha diversity measurements,
rarefaction curves, and rank abundance curves revealed that
OTU richness and diversity were lower in the RNA-based
libraries compared to the DNA-based libraries indicative of the
presence of taxa with low or no protein synthesis potential at
the time of sampling. Such an ‘inactive’ community has also
been described in other recent studies that compared RNA-
and DNA-based sequence tag libraries (Gaidos et al. 2011;
Lanz�en et al. 2011).

Microbial life in saline environments faces thermody-
namic limitations since it requires an adequate osmotic
adaption mechanism and a metabolism that generates
enough energy for osmo-regulation and biomass synthesis
(Oren 1999, 2011). On the other hand, microorganisms
have the ability to endure unfavorable environmental condi-
tions in a “nongrowth” state (dormancy, spore formation,
inactive but viable cells) dividing again once environmental
conditions become more favorable (Jones and Lennon 2010;
Lennon and Jones 2011). Kulp et al. (2007) found that
microorganisms that are adapted to low salinity conditions
can remain viable at high salinities and rapidly repopulate
sediments when water levels are rising and the salinity
decreases, e.g. after rainfall.

The maximum dissimilarity between the sediment layers of
the archaeal RNA-based libraries was very low (0.09). The
decrease in salinity with increasing sediment depth seems to
have no strong influence on the composition of the potentially
‘active’ archaeal community fraction. The majority of the
sequences of the archaeal community were related to the Halo-
bacteriaceae. These findings are consistent with several other
studies on the archaeal community composition in hypersaline
environments (Boutaiba et al. 2011; Mutlu et al. 2008; Ochsen-
reiter et al. 2002; Oren, Sørensen et al. 2009; Oueriaghli et al.
2013; Schneider et al. 2013; Youssef et al. 2012). Besides the
Halobacteriaceae, the Thermoplasmatales presented a major
fraction of the archaeal community in Lake Strawbridge. Halo-
bacteria and Thermoplasmata have also recently been found to
dominate the archaeal community fraction in the upper layers
of a microbialite-forming microbial mat from a hypersaline
lake of the Kiritimati Atoll in the Central Pacific (Schneider
et al. 2013).

The dominant bacterial phyla observed in Lake Strawbridge
were the Proteobacteria, Bacteroidetes, Firmicutes, Cyanobacte-
ria and Chloroflexi. These phyla are often found in a diverse
range of hypersaline environments such as salt lakes (Abed
et al. 2012; Hollister et al. 2010; Mesbah et al. 2007), solar salt-
erns (Sørensen et al. 2005), mangrove sediments (Andreote
et al. 2012), salt marshes (Bowen et al. 2012) or hypersaline
soils (Keshri et al. 2012). The bacterial community analysis also

Figure 7. Relative abundance of taxa (>1%) in the microbial communities derived
from DNA-based amplicon sequencing vs. relative abundance from RNA-based
amplicon sequencing across all three sediment layers. Relative abundances are
given on a logarithmic scale based on an OTU clustering at a genetic distance of
1.3%. The continuous line represents the 1:1 ratio, meaning that an OTU was
equally abundant in the 16S rRNA gene tag libraries derived from both, DNA and
RNA. MBG-B refers to Marine Benthic Group B.
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revealed a lower dissimilarity among the RNA-based libraries
compared to the DNA-based libraries suggesting that the pro-
tein synthesis potential of the bacterial community does not
change much with sediment depth as also observed for the
potentially ‘active’ archaeal community.

Identity and potential activity of abundant OTUs

In the RNA- and DNA-based libraries the majority of the
archaeal OTUs were related to the Halobacteriaceae. We
observed a fraction of Halobacteriaceae that could not be classi-
fied on the genus level in both the RNA-based (11.4–40.0% rel-
ative abundance) and the DNA-based (16.8–30.9% relative
abundance) tag libraries. This is consistent with other 16S
rRNA genes-based studies on the archaeal diversity in hypersa-
line environments that also described that a large fraction of
the recovered archaeal sequences could not be classified (Caton
et al. 2009; Mesbah et al. 2007; Oren, Sørensen et al. 2009;
Youssef et al. 2012). Some halobacterial species, e.g. Haloferax
volcanii, Haloferax mediterranei or Halobacterium salinarium
are known to be polyploid carrying more than 10 copies of their
chromosome (Lange et al. 2011; Zerulla and Soppa 2014). This
could significantly increase the RNA/DNA ratio for individual
genera and species belonging to the unclassified Halobacteria-
ceae. Halobacteriaceae are highly adapted to hypersaline envi-
ronments and are the dominant heterotrophic microorganisms
in hypersaline environments with a salinity of more than 250–
300 g/L NaCl (Oren 1994).

They use the salt-in strategy to osmotically balance their
cytoplasm with the surrounding medium (Christian and
Waltho 1962). To do so, they possess a proteome enriched in
acidic amino acids (Dennis and Shimmin 1997). They are
mainly aerobic and heterotrophic organisms using a variety of
different carbon sources (Oren 1994). Many Halobacteriaceae
are pigmented causing a red coloring of many hypersaline
waterbodies, also observed at Lake Strawbridge. The red cell
pigmentation can be attributed to the presence of bacteriorho-
dopsins and halorhodopsins which enable the Halobacteria to
use light energy for the generation of transmembrane proton
and chloride gradients (Oren 1994; Oren and Rodrı́guez-Valera
2001). In both, the RNA- and DNA-based libraries Halogra-
num was the most abundant genus within the Archaea showing
a high protein synthesis potential that decreases with sediment
depth since Halogranum are aerobic and heterotrophic organ-
isms preferring hypersaline conditions as present in Lake
Strawbridge top sediment layer (Cui et al. 2011; Kim et al.
2011).

In contrast to the numerically dominant and potentially
active Halobacteriaceae like Halogranum and Haloarcula we
found that many other halobacterial taxa such as Haloplanus,
Halorubrum, Candidatus Halobonum or Natronomonas only
had a low RNA/DNA ratio in Lake Strawbridge attributing a
low protein synthesis potential to these taxa at time of
sampling.

In the bacterial community Salinibacter spp. were abundant
in DNA-based libraries and simultaneously exhibited a high
protein synthesis potential. Salinibacter inhabit hypersaline
environments worldwide and share many properties with the
archaeal family of the Halobacteriaceae (Oren 2013). They are

aerobic heterotrophs that form red colonies on agar plates due
to their retinal pigments (Ant�on et al. 2002). Cell counts based
on fluorescence in situ hybridization in solar salterns revealed
that Salinibacter can account for up to 25% of the total bacterial
community in hypersaline ecosystems (Ant�on et al. 2000).

Like the Halobacteriaceae, Salinibacter use the salt-in strat-
egy for osmo-regulation that requires generally less metabolic
energy compared to the synthesis of compatible solutes. Salini-
bacter have been reported to possess an acidic proteome in
order to maintain their enzymatic activity under high salt con-
ditions (Oren 2002; Oren and Mana 2002). In addition they
possess xanthorhodopsin, a retinal pigment with a salinixan-
thin carotenoid antenna. The pigment enables Salinibacter to
use light energy to generate a transmembrane proton gradient
for energy conservation (Balashov and Lanyi 2007; Balashov
et al. 2005; Lutnaes et al. 2002; Mongodin et al. 2005; Oren
2013).

In the bacterial community we found a variety of sulfate
reducers belonging to the Desulfohalobiaceae (order Desulfovi-
brionales), Desulfobacteraceae and Desulfobulbaceae (both
order Desulfobacterales). In the RNA-based libraries of the
layers 1–10 cm and below 10 cm the dominant sulfate reducing
bacteria were Desulfobacterales with relative abundances of
4.5–4.9%, indicating that sulfate reduction occurs in these
layers. Sulfate concentrations in Lake Strawbridge decreased
with sediment depth (Table 1) supporting the theory of the
activity of sulfate reducing bacteria.

Also the salinity decreases with sediment depth and it was
shown previously that sulfate reduction rates were higher at
lower salinity due to the higher cell numbers of sulfate reducing
bacteria (Brandt et al. 2001). Nonetheless sulfate reduction was
observed up to the highest salinities (Foti et al. 2007; Oren
2011; Porter et al. 2007) The order Desulfobacterales with the
family Desulfobacteraceae were also observed to belong to the
dominant sulfate reducers in hypersaline lakes lakes (Brandt
et al. 2001; Foti et al. 2007; Sorokin et al. 2010), hypersaline
coastal pans (Porter et al. 2007) or deep sea basins (Borin et al.
2009).

Identity and potential activity of ‘rare’ OTUs

Archaeal OTUs of the Marine Benthic Group D and the KTK
4A cluster belonging to the Thermoplasmatales as well as the
Marine Benthic Group B related to the Thaumarchaeota were
characterized by a low abundance in the DNA-based libraries
but a relatively high protein synthesis potential. From these
archaeal taxa no pure cultures have so far been obtained. The
KTK 4A cluster was first discovered by sequencing of 16S
rRNA gene clones derived from saline brine sediments in the
Red Sea (Eder et al. 1999). Here we provide the first evidence
for the potential activity of KTK 4A-related archaea in the
hypersaline sediments of Lake Strawbridge.

The Marine Benthic Groups B and D (MBG-B and –D) are
among the most numerous archaea in saline ecosystems such
as marine sub seafloor sediments (Lloyd et al. 2013; Sørensen
and Teske 2006) or hypersaline microbial mats (Schneider
et al. 2013). Jiang et al. also observed sequences related to the
MBGs in sediments of hypersaline Qinghai Lake where they
made up to 82% of the total archaeal community (Jiang et al.
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2008). The archaeal MBGs B, C and D have also been described
to inhabit the sediments of a meromictic lake located 1923 m
above sea level in the southern Alps of Switzerland (Schubert
et al. 2011).

Lake Strawbridge is, like most continental salt lakes in
Western Australia, not of marine origin but emerged due to
salinisation (Timms 2005). The occurrence of the archaeal
MBGs B and D in Lake Strawbridge and other limnic eco-
systems suggests that their environmental occurrence and
distribution is not restricted to marine environments. The
combined RNA and DNA tag sequencing approach used in
this study further revealed that the identified archaeal
MBGs were characterized by a high potential for protein
synthesis. Previous studies relying on direct 16S rRNA anal-
ysis as indicator of potential activity have previously pro-
vided evidence for the potential activity of Marine Benthic
Group B archaea in marine sedimentary subsurface ecosys-
tems (Biddle et al. 2006; Sørensen and Teske 2006).
Recently, the genomes of three isolated single cells of
MBG-D related Thermoplasmatales have been sequenced
(Lloyd et al. 2013). The single cell genomes encoded for
extracellular peptidases suggesting that these uncultured
archaea may have a previously undiscovered role in protein
remineralization in anoxic sediments.

The bacterial taxon Halomonas showed the most prominent
difference in relative sequence abundance between RNA- and
DNA-based tag libraries. Halomonas- related sequences were
‘rare’ in the DNA-based libraries (0.1% abundance) but highly
abundant in the RNA-based libraries (30.3–47.7% abundance)
resulting in a RNA/DNA ratio of 403.8. This suggests that Hal-
omonas exhibited a high protein synthesis potential in Lake
Strawbridge sediments at the time of sampling. Halomonas are
aerobic heterotrophs (Garc�ıa et al. 2004; Mart�ınez-C�anovas et
al. 2004b; Mata et al. 2002; Quesada et al. 2004; Xu et al. 2007).
A possible explanation for their high activity could be their
elaborate osmotic regulation mechanism. Halomonas synthe-
size the compatible solute ectoine.

Studies with Halomonas elongata revealed a low energy
requirement for synthesis of ectoine from glucose with nearly
100% efficiency of carbon substrate conversion (Maskow and
Babel 2001, 2002). However, constant osmo-regulation based
on compatible solute production might require Halomonas to
maintain a high ribosomal RNA content and protein synthesis
potential. Although this interpretation requires further empiri-
cal evidence this example from our data nicely reinforces the
value of simultaneous ribosomal tag sequencing of DNA and
RNA to develop new testable hypothesis on the ecological role
and functioning of rare taxa in complex microbial
communities.

Other heterotrophic bacteria such as Salinivibrio (Amoo-
zegar et al. 2008; Romano et al. 2011), Alkalibacterium (Ish-
ikawa et al. 2009), Idiomarina (Brettar et al. 2003; Ivanova
et al. 2000; Mart�ınez-C�anovas et al 2004a), Salisaeta (Vais-
man and Oren 2009), Planomicrobium (Dai et al. 2005;
Yoon et al. 2001) and Planococcus (Li et al. 2006; Miller
and Leschine 1984) were also relatively “rare” in the DNA-
based libraries, while possessing a high protein synthesis
potential. These taxa were mainly present in the top layer
suggesting that sufficient concentrations of organic carbon

and oxygen were present to sustain the activity of a diverse
heterotrophic bacterial community.

Conclusions

Considering the limitations of using rRNA analysis as a general
indicator of currently active microorganisms in environmental
samples, the combined RNA- and DNA-based 16S rRNA gene
tag sequencing approach presented in this study enabled new
insights into the structure and protein synthesis potential of a
microbial community in a hypersaline lake sediment.

Our study did identify the presence and composition of a
rare biosphere in the DNA-based tag libraries of Archaea and
Bacteria in Lake Strawbridge sediments. We also could also
show that several of the ‘rare’ bacterial and archaeal taxa such
as Halomonas, Salinivibrio and the Marine benthic groups B
and D exhibited a high protein synthesis potential (high relative
sequence abundance in RNA-based libraries). This suggests
that these ‘rare’ taxa are potentially active and contribute to
biogeochemical cycling in Lake Strawbridge sediments what
makes them interesting candidate taxa for further studies, e.g.,
their potential contribution to the formation of volatile haloge-
nated hydrocarbons as recently investigated by Ruecker et al.
(2014). The observation of ‘rare’ taxa that are potentially active
is consistent to other studies on microbial communities in
freshwater and marine ecosystems (Campbell et al. 2011; Jones
and Lennon 2010; Wilhelm et al. 2014). The RNA/DNA ratio
is a promising tool to estimate the protein synthesis potential
of a microbial community and can help microbial ecologists to
unravel the complex dynamics at play that shape the size and
potential activity of microbial populations inhabiting hypersa-
line lake sediments.

Acknowledgments

The authors would like to thank Karin St€ogerer for assistance with 454
pyrosequencing and Ellen Struve for TIC/TOC, DOC and IC measure-
ments. We would also like to thank H. F. Sch€oler, Andreas Held, Johannes
Ofner, Torsten Krause, and Katharina Kamilli for their support during the
field trip to Australia.

Funding

This study was supported by the research unit 763 “Natural Halogenation
Processes in the Environment – Atmosphere and Soil” funded by the Ger-
man Research Foundation (DFG).

References

Abed RMM, Ramette A, H€ubner V, De Deckker P, de Beer D. 2012. Micro-
bial diversity of eolian dust sources from saline lake sediments and bio-
logical soil crusts in arid Southern Australia. FEMS Microbiol Ecol
80:294–304.

Amann R, Stahl DA. 1991. Development and application of nucleic acid
probes. In: Nucleic Acid Techniques in Bacterial Systematics. Chiches-
ter, England: John Wiley & Son Ltd. p205–248.

Amoozegar MA, Schumann P, Hajighasemi M, Fatemi AZ, Karbalaei-Hei-
dari HR. 2008. Salinivibrio proteolyticus sp. nov., a moderately halo-
philic and proteolytic species from a hypersaline lake in Iran. Int J Syst
Evol Microbiol 58:1159–1163.

Andreote FD, Jim�enez DJ, Chaves D, Dias ACF, Luvizotto DM, Dini-
Andreote F, Fasanella CC, Lopez MV, Baena S, Taketani RG, de Melo

GEOMICROBIOLOGY JOURNAL 437



IS. 2012. The microbiome of Brazilian mangrove sediments as revealed
by metagenomics. PLoS ONE 7:e38600.

Angly FE, Dennis PG, Skarshewski A, Vanwonterghem I, Hugenholtz P,
Tyson GW. 2014. CopyRighter: a rapid tool for improving the accuracy
of microbial community profiles through lineage-specific gene copy
number correction. Microbiome 2:11.

Ant�on J, Oren A, Benlloch S, Rodr�ıguez-Valera F, Amann R, Rossell�o-
Mora R. 2002. Salinibacter ruber gen. nov., sp. nov., a novel, extremely
halophilic member of the Bacteria from saltern crystallizer ponds. Int J
Syst Evol Microbiol 52:485–491.

Ant�on J, Rossell�o-Mora R, Rodr�ıguez-Valera F, Amann R. 2000. Extremely
halophilic bacteria in crystallizer ponds from solar salterns. Appl Envi-
ron Microbiol 66:3052–3057.

Balashov SP, Imasheva ES, Boichenko VA, Ant�on J, Wang JM, Lanyi JK.
2005. Xanthorhodopsin: A proton pump with a light-harvesting carot-
enoid antenna. Science 309:2061–2064.

Balashov SP, Lanyi JK. 2007. Xanthorhodopsin: Proton pump with a carot-
enoid antenna. Cell Mol Life Sci 64:2323–2328.

Biddle JF, Lipp JS, Lever MA, Lloyd KG, Sørensen KB, Anderson R, Fre-
dricks HF, Elvert M, Kelly TJ, Schrag DP, Sogin ML, Brenchley JE,
Teske A, House CH, Hinrichs KU. 2006. Heterotrophic Archaea domi-
nate sedimentary subsurface ecosystems off Peru. Proc Natl Acad Sci
103:3846–3851.

Binnerup SJ, Bloem J, Hansen BM, Wolters W, Veninga M, Hansen M.
2001. Ribosomal RNA content in microcolony forming soil bacteria
measured by quantitative 16S rRNA hybridization and image analysis.
FEMS Microbiol Ecol 37:231–237.

Blazewicz SJ, Barnard RL, Daly RA, Firestone MK. 2013. Evaluating rRNA
as an indicator of microbial activity in environmental communities:
limitations and uses. ISME J 7:2061–2068.

Bolhuis H, Stal LJ. 2011. Analysis of bacterial and archaeal diversity in
coastal microbial mats using massive parallel 16S rRNA gene tag
sequencing. ISME J 5:1701–1712.

Borin S, Brusetti L, Mapelli F, D’Auria G, Brusa T, Marzorati M, Rizzi A,
Yakimov M, Marty D, De Lange GJ, Van der Wielen P, Bolhuis H,
McGenity TJ, Polymenakou PN, Malinverno E, Giuliano L, Corselli C,
Daffonchio D. 2009. Sulfur cycling and methanogenesis primarily drive
microbial colonization of the highly sulfidic Urania deep hypersaline
basin. Proc Natl Acad Sci 106:9151–9156.

Boutaiba S, Hacene H, Bidle KA, Maupin-Furlow JA. 2011. Microbial
diversity of the hypersaline Sidi Ameur and Himalatt Salt Lakes of the
Algerian Sahara. J Arid Environ 75:909–916.

Bowen JL, Morrison HG, Hobbie JE, Sogin ML. 2012. Salt marsh sediment
diversity: a test of the variability of the rare biosphere among environ-
mental replicates. ISME J 6:2014–2023.

Brandt KK, Vester F, Jensen AN, Ingvorsen K. 2001. Sulfate Reduction
dynamics and enumeration of sulfate-reducing bacteria in hypersaline
sediments of the Great Salt Lake (Utah, USA). Microb Ecol 41:1–11.

Bray JR, Curtis JT. 1957. An ordination of the upland forest communities
of Southern Wisconsin. Ecol Monogr 27:326–349.

Brettar I, Christen R, H€ofle MG. 2003. Idiomarina baltica sp. nov., a
marine bacterium with a high optimum growth temperature isolated
from surface water of the central Baltic Sea. Int J Syst Evol Microbiol
53:407–413.

Campbell BJ, Yu L, Heidelberg JF, Kirchman DL. 2011. Activity of abun-
dant and rare bacteria in a coastal ocean. Proc Natl Acad Sci
108:12776–12781.

Caton T, Caton I, Witte L, Schneegurt M. 2009. Archaeal diversity at the
great salt plains of oklahoma described by cultivation and molecular
analyses. Microb Ecol 58:519–528.

Christian JHB, Waltho JA. 1962. Solute concentrations within cells of halo-
philic and non-halophilic bacteria. Biochim Biophys Acta 65:506–508.

Cui H-L, Yang X, Gao X, Xu X-W. 2011. Halogranum gelatinilyticum sp.
nov. and Halogranum amylolyticum sp. nov., isolated from a marine
solar saltern, and emended description of the genus Halogranum. Int J
Syst Evol Microbiol 61:911–915.

Dai X, Wang Y-N, Wang B-J, Liu S-J, Zhou Y-G. 2005. Planomicrobium
chinense sp. nov., isolated from coastal sediment, and transfer of Plano-
coccus psychrophilus and Planococcus alkanoclasticus to Planomi-
crobium as Planomicrobium psychrophilum comb. nov. and

Planomicrobium alkanoclasticum comb. nov. Int J Syst Evol Microbiol
55:699–702.

DeLong EF. 1992. Archaea in coastal marine environments. Proc Natl
Acad Sci 89:5685–5689.

Dennis PP, Shimmin LC. 1997. Evolutionary divergence and salinity-medi-
ated selection in halophilic archaea. Microbiol Mol Biol Rev 61:90–104.

Deutscher MP. 2006. Degradation of RNA in bacteria: comparison of
mRNA and stable RNA. Nucl Acids Res 34:659–666.

Dong H, Zhang G, Jiang H, Yu B, Chapman LR, Lucas CR, Fields MW.
2006. Microbial diversity in sediments of saline Qinghai Lake, China:
Linking geochemical controls to. Microb Ecol 51:65–82.

Eder W, Ludwig W, Huber R. 1999. Novel 16S rRNA gene sequences
retrieved from highly saline brine sediments of kebrit deep, red Sea.
Arch Microbiol 172:213–218.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. 2011. UCHIME
improves sensitivity and speed of chimera detection. Bioinformatics
27:2194–2200.

Elshahed MS, Youssef NH, Spain AM, Sheik C, Najar FZ, Sukharnikov LO,
Roe BA, Davis JP, Schloss PD, Bailey VL, Krumholz LR. 2008. Novelty
and uniqueness patterns of rare members of the soil biosphere. Appl
Environ Microbiol 74:5422–5428.

Emmerich M, Bhansali A, L€osekann-Behrens T, Schr€oder C, Kappler A,
Behrens S. 2012. Abundance, distribution, and activity of Fe(II)-Oxi-
dizing and Fe(III)-reducing microorganisms in hypersaline sediments
of Lake Kasin, Southern Russia. Appl Environ Microbiol 78:4386–4399.

Foti M, Sorokin DY, Lomans B, Mussman M, Zacharova EE, Pimenov NV,
Kuenen JG, Muyzer G. 2007. Diversity, activity, and abundance of sul-
fate-reducing bacteria in saline and hypersaline Soda Lakes. Appl Envi-
ron Microbiol 73:2093–2100.

Gaidos E, Rusch A, Ilardo M. 2011. Ribosomal tag pyrosequencing of DNA
and RNA from benthic coral reef microbiota: community spatial struc-
ture, rare members and nitrogen-cycling guilds. Environ Microbiol
13:1138–1152.

Galand PE, Casamayor EO, Kirchman DL, Lovejoy C. 2009. Ecology of the
rare microbial biosphere of the Arctic Ocean. Proc Natl Acad Sci
106:22427–22432.

Garc�ıa MT, Mellado E, Ostos JC, Ventosa A. 2004. Halomonas organivor-
ans sp. nov., a moderate halophile able to degrade aromatic com-
pounds. Int J Syst Evol Microbiol 54:1723–1728.

Gentile G, Giuliano L, D’Auria G, Smedile F, Azzaro M, De Domenico M,
Yakimov MM. 2006. Study of bacterial communities in Antarctic
coastal waters by a combination of 16S rRNA and 16S rDNA sequenc-
ing. Environ Microbiol 8:2150–2161.

Gleick PH. 1993. Water in Crisis: A Guide to the World’s Fresh Water
Resources. New York: Oxford University Press.

Großkopf R, Janssen PH, Liesack W. 1998. Diversity and structure of the
methanogenic community in anoxic rice paddy soil microcosms as
examined by cultivation and direct 16S rRNA gene sequence retrieval.
Appl Environ Microbiol 64:960–969.

Harmsen M, Lappann M, Knøchel S, Molin S. 2010. Role of extracellular
DNA during biofilm formation by Listeria monocytogenes. Appl Envi-
ron Microbiol. 76:2271–2279.

Hollister EB, Engledow AS, Hammett AJM, Provin TL, Wilkinson HH,
Gentry TJ. 2010. Shifts in microbial community structure along an eco-
logical gradient of hypersaline soils and sediments. ISME J 4:829–838.

Hunt DE, Lin Y, Church MJ, Karl DM, Tringe SG, Izzo LK, Johnson ZI.
2013. Relationship between abundance and specific activity of bacterio-
plankton in open ocean surface waters. Appl Environ Microbiol
79:177–184.

Huse SM, Welch DM, Morrison HG, Sogin ML. 2010. Ironing out the
wrinkles in the rare biosphere through improved OTU clustering. Envi-
ron Microbiol. 12:1889–1898.

Ishikawa M, Tanasupawat S, Nakajima K, Kanamori H, Ishizaki S,
Kodama K, Okamoto-Kainuma A, Koizumi Y, Yamamoto Y,
Yamasato K. 2009. Alkalibacterium thalassium sp. nov., Alkalibac-
terium pelagium sp. nov., Alkalibacterium putridalgicola sp. nov.
and Alkalibacterium kapii sp. nov., slightly halophilic and alkali-
philic marine lactic acid bacteria isolated from marine organisms
and salted foods collected in Japan and Thailand. Int J Syst Evol
Microbiol 59:1215–1226.

438 P. WEIGOLD ET AL.



Ivanova EP, Romanenko LA, Chun J, Matte MH, Matte GR, Mikhailov
VV, Svetashev VI, Huq A, Maugel T, Colwell RR. 2000. Idiomarina
gen. nov., comprising novel indigenous deep-sea bacteria from the
Pacific Ocean, including descriptions of two species, Idiomarina abys-
salis sp. nov. and Idiomarina zobellii sp. nov. Int J Syst Evol Microbiol
50:901–907.

Jiang H, Dong H, Yu B, Liu X, Li Y, Ji S, Zhang CL. 2007. Microbial
response to salinity change in Lake Chaka, a hypersaline lake on
Tibetan plateau. Environ Microbiol 9:2603–2621.

Jiang H, Dong H, Yu B, Ye Q, Shen J, Rowe H, Zhang C. 2008. Dominance
of putative marine benthic Archaea in Qinghai Lake, north-western
China. Environ Microbiol 10:2355–2367.

Jiang H, Dong H, Zhang G, Yu B, Chapman LR, Fields MW. 2006. Micro-
bial diversity in water and sediment of Lake Chaka, an Athalassohaline
Lake in Northwestern China. Appl Environ Microbiol 72:3832–3845.

Jones SE, Lennon JT. 2010. Dormancy contributes to the maintenance of
microbial diversity. Proc Natl Acad Sci 107:5881–5886.

Kemp PF, Lee S, LaRoche J. 1993. Estimating the growth rate of slowly
growing marine bacteria from RNA content. Appl Environ Microbiol
59:2594–2601.

Keshri J, Mody K, Jha B. 2012. Bacterial community structure in a semi-
arid haloalkaline soil using culture independent method. Geomicrobiol
J 30:517–529.

Kim KK, Lee KC, Lee J-S. 2011. Halogranum salarium sp. nov., a halophilic
archaeon isolated from sea salt. Syst Appl Microbiol 34:576–580.

Kulp TR, Han S, Saltikov CW, Lanoil BD, Zargar K, Oremland RS. 2007.
Effects of imposed salinity gradients on dissimilatory arsenate reduc-
tion, sulfate reduction, and other microbial processes in sediments
from two California Soda Lakes. Appl Environ Microbiol 73:5130–
5137.

Lane DJ. 1991. 16S/23S rrna Sequencing. In: E. Stackebrandt, M. Godfel-
low, editors. Nucleic Acid Techniques in Bacterial Systematics. New
York: John Wiley & Sons Ltd, p115–175.

Lange C, Zerulla K, Breuert S, Soppa J. 2011. Gene conversion results in the
equalization of genome copies in the polyploid haloarchaeon Haloferax
volcanii. Mol Microbiol 80:666–677.

Lanz�en A, Jørgensen SL, Bengtsson MM, Jonassen I, ; vrea� s L, Urich T.
2011. Exploring the composition and diversity of microbial communi-
ties at the Jan Mayen hydrothermal vent field using RNA and DNA.
FEMS Microbiol Ecol 77:577–589.

Lennon JT, Jones SE. 2011. Microbial seed banks: the ecological and evolu-
tionary implications of dormancy. Nat Rev Micro 9:119–130.

Levy-Booth DJ, Campbell RG, Gulden RH, Hart MM, Powell JR, Klirono-
mos JN, Pauls KP, Swanton CJ, Trevors JT, Dunfield KE. 2007. Cycling
of extracellular DNA in the soil environment. Soil Biol Biochem
39:2977–2991.

Li H, Liu YH, Luo N, Zhang XY, Luan TG, Hu JM, Wang ZY, Wu PC,
Chen MJ, Lu JQ. 2006. Biodegradation of benzene and its derivatives
by a psychrotolerant and moderately haloalkaliphilic Planococcus sp.
strain ZD22. Res Microbiol. 157:629–636.

Liu Z, Lozupone C, Hamady M, Bushman FD, Knight R. 2007. Short pyro-
sequencing reads suffice for accurate microbial community analysis.
Nucl Acids Res. 35:e120.

Lloyd KG, Schreiber L, Petersen DG, Kjeldsen KU, Lever MA, Steen AD,
Stepanauskas R, Richter M, Kleindienst S, Lenk S, Schramm A,
Jørgensen BB 2013. Predominant archaea in marine sediments degrade
detrital proteins. Nature 496:215–218.

Lutnaes BF, Oren A, Liaaen-Jensen S. 2002. New C40-carotenoid acyl gly-
coside as principal carotenoid in Salinibacter ruber, an extremely halo-
philic Eubacterium. J Nat Prod. 65:1340–1343.

Makhdoumi-Kakhki A, Amoozegar MA, Kazemi B, PaiC L, Ventosa A.
2012. Prokaryotic diversity in Aran-Bidgol Salt Lake, the largest hyper-
saline playa in Iran. Microbes Environ 27:87–93.

Mart�ınez-C�anovas MJ, Quesada E, Llamas I, B�ejar V. 2004a. Halomonas
ventosae sp. nov., a moderately halophilic, denitrifying, exopolysac-
charide-producing bacterium. Int J Syst Evol Microbiol 54:733–737.

Mart�ınez-C�anovas MJ, B�ejar V, Mart�ınez-Checa F, P�aez R, Quesada E.
2004b. Idiomarina fontislapidosi sp. nov. and Idiomarina ramblicola
sp. nov., isolated from inland hypersaline habitats in Spain. Int J Syst
Evol Microbiol 54:1793–1797.

Maskow T, Babel W. 2001. Calorimetrically obtained information about
the efficiency of ectoine synthesis from glucose in Halomonas elongata.
Biochim Biophys Acta 1527:4–10.

Maskow T, Babel W. 2002. Calorimetric analysis of microorganisms in tran-
sient growth states to quantify changes of metabolic fluxes in response
to nutrient deficiencies and osmostress. Thermochim Acta 382:229–237.

Mata JA, Mart�ınez-C�anovas J, Quesada E, B�ejar V. 2002. A detailed pheno-
typic characterisation of the type strains of Halomonas species. Syst
Appl Microbiol 25:360–375.

Mesbah N, Abou-El-Ela S, Wiegel J. 2007. Novel and unexpected prokary-
otic diversity in water and sediments of the alkaline, hypersaline lakes
of the Wadi An Natrun, Egypt. Microb Ecol 54:598–617.

Miller K, Leschine S. 1984. A halotolerant Planococcus from Antarctic Dry
Valley soil. Curr Microbiol 11:205–209.

Mongodin EF, Nelson KE, Daugherty S, DeBoy RT, Wister J, Khouri H,
Weidman J, Walsh DA, Papke RT, Sanchez Perez G, Sharma AK,
Nesbø CL, MacLeod D, Bapteste E, Doolittle WF, Charlebois RL,
Legault B, Rodriguez-Valera F 2005. The genome of Salinibacter ruber:
Convergence and gene exchange among hyperhalophilic bacteria and
archaea. Proc Natl Acad Sci 102:18147–18152.

Mutlu MB, Mart�ınez-Garc�ıa M, Santos F, Pe~na A, Guven K, Ant�on J. 2008.
Prokaryotic diversity in Tuz Lake, a hypersaline environment in Inland
Turkey. FEMS Microbiol Ecol 65:474–483.

Muyzer G, Teske A, Wirsen C, Jannasch H. 1995. Phylogenetic relation-
ships of Thiomicrospira species and their identification in deep-sea
hydrothermal vent samples by denaturing gradient gel electrophoresis
of 16S rDNA fragments. Arch Microbiol 164:165–172.

Muyzer G, de Waal EC, Uitterlinden AG. 1993. Profiling of complex
microbial populations by denaturing gradient gel electrophoresis analy-
sis of polymerase chain reaction-amplified genes coding for 16S rRNA.
Appl Environ Microbiol 59:695–700.

Nadkarni MA, Martin FE, Jacques NA, Hunter N. 2002. Determination of
bacterial load by real-time PCR using a broad-range (universal) probe
and primers set. Microbiology 148:257–266.

Novitsky JA. 1986. Degradation of Dead Microbial Biomass in a Marine
Sediment. Appl Environ Microbiol 52:504–509.

Ochsenreiter T, Pfeifer F, Schleper C. 2002. Diversity of Archaea in hyper-
saline environments characterized by molecular-phylogenetic and cul-
tivation studies. Extremophiles 6:267–274.

Oren A. 1994. The ecology of the extremely halophilic archaea. FEMS
Microbiol Rev 13:415–439.

Oren A. 1999. Bioenergetic Aspects of Halophilism. Microbiol Mol Biol
Rev 63:334–348.

Oren A. 2002. Diversity of halophilic microorganisms: Environments, phy-
logeny, physiology, and applications. J Ind Microbiol Biotechnol 28:56–
63.

Oren A. 2011. Thermodynamic limits to microbial life at high salt concen-
trations. Environ Microbiol 13:1908–1923.

Oren A. 2013. Salinibacter: an extremely halophilic bacterium with
archaeal properties. FEMS Microbiol Lett 342:1–9.

Oren A, Baxter BK, Weimer BC. 2009. Microbial communities in salt lakes:
Phylogenetic diversity, metabolic diversity, and in situ activities. Nat
Resour Env Iss 15:257–263.

Oren A, Mana L. 2002. Amino acid composition of bulk protein and salt
relationships of selected enzymes of Salinibacter ruber, an extremely
halophilic bacterium. Extremophiles 6:217–223.

Oren A, Rodrı́guez-Valera F. 2001. The contribution of halophilic Bacteria
to the red coloration of saltern crystallizer ponds1. FEMS Microbiol
Ecol 36:123–130.

Oren A, Sørensen K, Canfield D, Teske A, Ionescu D, Lipski A, Altendorf
K. 2009. Microbial communities and processes within a hypersaline
gypsum crust in a saltern evaporation pond (Eilat, Israel). Hydrobiolo-
gia 626:15–26.

Oueriaghli N, B�ejar V, Quesada E, Mart�ınez-Checa F. 2013. Molecular
ecology techniques reveal both spatial and temporal variations in the
diversity of archaeal communities within the Athalassohaline Environ-
ment of Rambla Salada, Spain. Microb Ecol 66:297–311.

Pace NR, Stahl DA, Lane DJ, Olsen GJ. 1986. The Analysis of Natural
Microbial Populations by Ribosomal RNA Sequences. In: Marshall KC,
editor. Advances in Microbial Ecology. New York: Springer, p1–55.

GEOMICROBIOLOGY JOURNAL 439



Parnell JJ, Rompato G, Latta LC, Pfrender ME, Van Nostrand JD, He Z,
Zhou J, Andersen G, Champine P, Ganesan B, Weimer BC. 2010. Func-
tional biogeography as evidence of gene transfer in hypersaline micro-
bial communities. PLoS ONE 5:e12919.

Pedr�os-Ali�o C. 2011. The rare bacterial biosphere. Annu Rev Marine Sci
4:449–466.

Pietramellara G, Ascher J, Borgogni F, Ceccherini M, Guerri G, Nannipieri
P. 2009. Extracellular DNA in soil and sediment: fate and ecological rel-
evance. Biol Fertil Soils 45:219–235.

Porter D, Roychoudhury AN, Cowan D. 2007. Dissimilatory sulfate reduc-
tion in hypersaline coastal pans: Activity across a salinity gradient.
Geochim Cosmochim Acta 71:5102–5116.

Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, Peplies J, Gl€ockner
FO. 2007. SILVA: a comprehensive online resource for quality checked
and aligned ribosomal RNA sequence data compatible with ARB. Nucl
Acids Res 35:7188–7196.

Quince C, Lanzen A, Curtis TP, Davenport RJ, Hall N, Head IM, Read LF,
Sloan WT. 2009. Accurate determination of microbial diversity from
454 pyrosequencing data. Nat Meth 6:639–641.

R Core Team. 2013. R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. Accessed
October 14, 2013. Available from: http://www.R-project.org/

Romano I, Orlando P, Gambacorta A, Nicolaus B, Dipasquale L, Pascual J,
Giordano A, Lama L. 2011. Salinivibrio sharmensis sp. nov., a novel
haloalkaliphilic bacterium from a saline lake in Ras Mohammed Park
(Egypt). Extremophiles 15:213–220.

Rosset R, Julien J, Monier R. 1966. Ribonucleic acid composition of bacte-
ria as a function of growth rate. J Mol Biol 18:308–320.

Ruecker A, Weigold P, Behrens S, Jochmann M, Laaks J, Kappler A. 2014.
Predominance of biotic over abiotic formation of halogenated hydro-
carbons in hypersaline sediments in Western Australia. Environ Sci
Technol 48(16):9170–9178.

Schloss PD, Gevers D, Westcott SL. 2011. Reducing the effects of PCR
amplification and sequencing artifacts on 16S rRNA-Based Studies.
PLoS ONE 6:e27310.

Schloss PD, Handelsman J. 2005. Introducing DOTUR, a computer pro-
gram for defining operational taxonomic units and estimating species
richness. Appl Environ Microbiol 71:1501–1506.

Schloss PD, Westcott SL. 2011. Assessing and improving methods
used in operational taxonomic unit-based approaches for 16S
rRNA gene sequence analysis. Appl Environ Microbiol. 77:3219–
3226.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,
Lesniewski RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B,
Thallinger GG, Van Horn DJ, Weber CF 2009. Introducing mothur:
Open-source, platform-independent, community-supported software
for describing and comparing microbial communities. Appl Environ
Microbiol 75:7537–7541.

Schneider D, Arp G, Reimer A, Reitner J, Daniel R. 2013. Phylogenetic
analysis of a microbialite-forming microbial mat from a hypersaline
lake of the Kiritimati Atoll, Central Pacific. PLoS ONE. 8:e66662.

Schubert CJ, Vazquez F, L€osekann-Behrens T, Knittel K, Tonolla M, Boe-
tius A. 2011. Evidence for anaerobic oxidation of methane in sediments
of a freshwater system (Lago di Cadagno). FEMS Microbiol Ecol
76:26–38.

Seper A, Fengler VHI, Roier S, Wolinski H, Kohlwein SD, Bishop AL,
Camilli A, Reidl J, Schild S. 2011. Extracellular nucleases and extracel-
lular DNA play important roles in Vibrio cholerae biofilm formation.
Mol Microbiol 82:1015–1037.

Shiklomanov IA. 1990. Global water resources. Nat Resour 26:34–43.

Smith CJ, Osborn AM. 2009. Advantages and limitations of quantitative
PCR (Q-PCR)-based approaches in microbial ecology. FEMS Microbiol
Ecol 67:6–20.

Sogin ML, Morrison HG, Huber JA, Welch DM, Huse SM, Neal PR, Arrieta
JM, Herndl GJ. 2006. Microbial diversity in the deep sea and the under-
explored “rare biosphere.” Proc Natl Acad Sci 103:12115–12120.

Sørensen KB, Canfield DE, Teske AP, Oren A. 2005. Community composi-
tion of a hypersaline endoevaporitic microbial mat. Appl Environ
Microbiol 71:7352–7365.

Sørensen KB, Teske A. 2006. Stratified communities of active archaea in
deep marine subsurface sediments. Appl Environ Microbiol 72:4596–
4603.

Sorokin DY, Rusanov II, Pimenov NV, Tourova TP, Abbas B, Muyzer G.
2010. Sulfidogenesis under extremely haloalkaline conditions in soda
lakes of Kulunda Steppe (Altai, Russia). FEMS Microbiol Ecol 73:278–
290.

Swan BK, Ehrhardt CJ, Reifel KM, Moreno LI, Valentine DL. 2010.
Archaeal and bacterial communities respond differently to environ-
mental gradients in anoxic sediments of a California Hypersaline Lake,
the Salton Sea. Appl Environ Microbiol 76:757–768.

Timms B. 2005. Salt lakes in Australia: Present problems and prognosis for
the future. Hydrobiologia 552:1–15.

Vaisman N, Oren A. 2009. Salisaeta longa gen. nov., sp. nov., a red, halo-
philic member of the Bacteroidetes. Int J Syst Evol Microbiol 59:2571–
2574.

Walsh DA, Papke RT, Doolittle WF. 2005. Archaeal diversity along a soil
salinity gradient prone to disturbance. Environ Microbiol 7:1655–1666.

Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Na€ıve Bayesian classifier
for rapid assignment of rRNA sequences into the new bacterial taxon-
omy. Appl Environ Microbiol 73:5261–5267.

Wilhelm L, Besemer K, Fasching C, Urich T, Singer GA, Quince C, Battin
TJ. 2014. Rare but active taxa contribute to community dynamics of
benthic biofilms in glacier-fed streams. Environ Microbiol 16:2514–
2524.

Williams WD. 1999. Salinisation: A major threat to water resources in the
arid and semi-arid regions of the world. Lakes Reserv Res Manage
4:85–91.

Williams WD. 2002. Environmental threats to salt lakes and the likely sta-
tus of inland saline ecosystems in 2025. Environ Conserv 29:154–167.

Xu X-W, Wu Y-H, Zhou Z, Wang C-S, Zhou Y-G, Zhang H-B, Wang Y,
Wu M. 2007. Halomonas saccharevitans sp. nov., Halomonas arcis sp.
nov. and Halomonas subterranea sp. nov., halophilic bacteria isolated
from hypersaline environments of China. Int J Syst Evol Microbiol
57:1619–1624.

Yarza P, Yilmaz P, Pruesse E, Gl€ockner FO, Ludwig W, Schleifer K-H,
Whitman WB, Euz�eby J, Amann R, Rossell�o-M�ora R. 2014. Uniting
the classification of cultured and uncultured bacteria and archaea using
16S rRNA gene sequences. Nat Rev Micro 12:635–645.

Yoon JH, Kang SS, Lee KC, Lee ES, Kho YH, Kang KH, Park YH. 2001.
Planomicrobium koreense gen. nov., sp. nov., a bacterium isolated from
the Korean traditional fermented seafood jeotgal, and transfer of Plano-
coccus okeanokoites (Nakagawa et al. 1996) and Planococcus mcmeeki-
nii (Junge et al. 1998) to the genus Planomicrobium. Int J Syst Evol
Microbiol 51:1511–1520.

Youssef NH, Ashlock-Savage KN, Elshahed MS. 2012. Phylogenetic diver-
sities and community structure of members of the extremely halophilic
Archaea (Order Halobacteriales) in multiple saline sediment habitats.
Appl Environ Microbiol 78:1332–1344.

Zerulla K, Soppa J. 2014. Polyploidy in haloarchaea: advantages for growth
and survival. Front Microbiol 5:274.

440 P. WEIGOLD ET AL.

http://www.R-project.org/

	Abstract
	Introduction
	Material and Methods
	Geochemical analysis
	Nucleic acid extraction and reverse transcription
	454 Pyrosequencing of Bacterial and Archaeal 16S rRNA Genes
	Sequence analysis
	Quantitative PCR of bacterial and archaeal 16S rRNA genes

	Results
	Geochemical characteristics of sediment samples
	General sequencing statistics
	Alpha diversity of the microbial community
	Archaeal and bacterial cell numbers
	Archaeal taxonomic composition
	Bacterial taxonomic composition
	Microbial community structure

	Discussion
	Geochemical characteristics
	Ribosomal RNA as an indicator for microbial activity
	Community composition and the `rare´ biosphere
	Identity and potential activity of abundant OTUs
	Identity and potential activity of `rare´ OTUs

	Conclusions
	Acknowledgments
	Funding
	References



