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INTRODUCTION

Up to 7% of the modern ocean is considered to be
devoid of oxygen, including upwelling regions on the
western continental shelves and stratified marginal
seas (Baltic Sea, Black Sea) as prominent examples
(Wright et al. 2012). Oxygen depleted environments,
and oxic-anoxic transition zones (redoxclines) in par-

ticular, are known as sites of high redox-driven
microbial activity, with impacts on the carbon, nitro-
gen and sulfur cycling, trace gas production and
organic matter fluxes (Ulloa et al. 2012, Wright et al.
2012). Recent studies revealed novel insights into the
taxonomic and functional diversity of prokaryotes in
these systems, with the identification of many novel
bacterial and archaeal lineages together with new
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ABSTRACT: The deep basins of the central Baltic Sea are characterized by anoxic and sulfidic
bottom water and steep vertical pelagic redox gradients. The highly active prokaryotic assem-
blages of this and other redox transition zones have been intensely studied, while knowledge on
the protistan communities remains fragmentary. Thus, we conducted a multi-annual microscopy-
based study, combined in one year with 18S rRNA gene and transcript-based DGGE fingerprints
to identify the dominant protist taxa and to assess their vertical distribution. Both approaches,
applied in high vertical resolution, demonstrated strong stratifications of the protist community
composition along the redox gradient. The suboxic zone was dominated by dinoflagellates and
oligotrichous ciliates related to Strombidium, whereas the interface and upper sulfidic zone were
dominated by ciliates of the genera Mesodinium and Metacystis. Several flagellate taxa within the
jakobids, euglenozoans and choanoflagellates occurred exclusively in sulfidic water. Our morpho-
logical approach indicates that the pelagic redoxclines of the central Baltic Sea are inhabited by a
stable and characteristic protist community. Incongruously, certain taxa (e.g. Mesodinium and
Metacystis sp.) which remained undetected by the molecular fingerprinting technique could be
identified and enumerated by microscopic observations, whereas small and virtually amorphous
protists (especially flagellates) were detected only by sequencing DGGE bands. Fine-scaled
assessment of dominant protists in distinct redox strata is a crucial step in understanding their
impact and interactions with the prokaryotic world and the biogeochemical processes they medi-
ate in these zones.
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aspects of their metabolic activity and their role in the
biogeochemical cycles (Ulloa et al. 2012, Wright et al.
2012).

In contrast, our knowledge of protistan communi-
ties in oxygen depleted systems is lagging tremen-
dously behind, even though the first record of protists
from anoxic sites dates back more than a hundred
years (Lauterborn 1901). Protists play a fundamental
role in all aquatic environments as grazers that con-
trol both the standing stocks and community struc-
ture of prokaryal assemblages and the pico- and
nanoplankton (Sherr & Sherr 2002, Jürgens & Mas-
sana 2008). Protists in anoxic systems also act as hosts
for numerous symbiotic archaeal and bacterial cells
(Fenchel & Finlay 1995, Bernhard et al. 2000, Orsi et
al. 2012a). Therefore, both as predators and as sym-
biotic hosts, protists can significantly influence eco-
logical processes, such as the fate of prokaryal matter
production and the metabolic potential of microbial
assemblages.

Morphological characterizations of protists in hy -
poxic water layers of marine and freshwater systems
have shown highly stratified community structures
and enhanced protist abundances at oxic-anoxic
interfaces (Fenchel et al. 1990, Zubkov et al. 1992,
Massana & Pedrós-Alió 1994, Guhl et al. 1996, Finlay
& Esteban 1998). However, most of those studies
focused on protistan functional guilds or protists with
conspicuous morphological features, thus providing
only little taxonomical resolution especially for
smaller eukaryotes. Overall, this led to the assump-
tion that anoxic waters are rather poor in species
richness (Fenchel & Finlay 1990a, 1995).

18S rRNA sequencing approaches changed this
view, uncovering an astonishingly high diversity
and multiple novel lineages of microbial eukaryotes
in the pelagial and sediments of anoxic and oxygen
depleted environments (e.g. Dawson & Pace 2002,
Edgcomb et al. 2002, Stoeck & Epstein 2003, Stoeck
et al. 2003, Zuendorf et al. 2006, Edgcomb et al.
2011a). Furthermore, molecular studies provided
the first hints of a fine-scale architecture and sea-
sonal variations in the protistan community struc-
ture along marine redox gradients (Behnke et al.
2006, 2010, Orsi et al. 2011, Wylezich & Jürgens
2011). However, with a few exceptions (Coolen &
Shtereva 2009, Behnke et al. 2010, Orsi et al. 2011,
2012b), 18S rRNA-based approaches were generally
applied as snapshot surveys covering only very few
samples within the water column and with low tem-
poral resolution. Additionally, for various reasons,
18S rRNA-based approaches are only marginally
suitable for quantitative assessments of a taxon’s

cellular abundance or biomass contribution to the
protistan assemblage (Caron 2009). Consequently,
the spatio-temporal changes of protistan communi-
ties in such systems remain mostly unresolved by
molecular techniques, which have been seldom ac -
companied by parallel morphology-based approaches
(Edgcomb et al. 2011b,c, Orsi et al. 2012a,c,
Wylezich et al. 2012).

The brackish Baltic Sea, with its steep pelagic
redox gradients, represents an ideal model system to
study microbial communities in response to oxygen
depletion and sulfide accumulation in deeper waters.
In contrast to numerous detailed studies on the
prokaryotic assemblages (e.g. Labrenz et al. 2007,
2010, Jost et al. 2008, Grote et al. 2012), protist
related studies of Baltic Sea redoxclines are limited
to a few microscopy-based approaches (Setälä 1991,
Detmer et al. 1993) and one single 18S rRNA-based
diversity study, covering 2 water depths of the Got-
land Deep (Stock et al. 2009). Two recent studies,
which also provide data for different protist func-
tional groups, focused on the role of protist grazing
and viral lysis as prokaryotic mortality factors in the
redox gradient (Anderson et al. 2012, 2013). Here, we
used morphological and molecular techniques to
describe the stable and fine-scaled distribution pat-
terns of protists and to identify dominant taxa which
are indigenous to distinct redox zones in the Baltic
Sea.

MATERIALS AND METHODS

Study sites and sampling

Water samples were collected in the central Baltic
Sea at Gotland Deep (Stn 271: 57° 19.2’ N, 20° 03’ E)
and Landsort Deep (Stn 284: 58° 35.0’ N, 18° 14.0’ E)
onboard the RV ‘Alkor’ in May 2005, the RV ‘Profes-
sor Albrecht Penck’ in July 2007 and the RV ‘Posei-
don’ in August 2008 (Table 1). Sampling was per-
formed with a CTD rosette (SeaBird Electronics)
equipped with 5 l Free-Flow Bottles (Hydrobios).
Water masses were sampled at 10 to 50 m and 2 to
5 m depth intervals to obtain whole water column
profiles (Gotland Deep 2007) and high resolution
profiles of the oxic-anoxic transition zone (Gotland
Deep 2005, 2007, 2008 and Landsort Deep 2008). In
all cases, inorganic nutrients, oxygen and hydrogen
sulfide were measured immediately onboard accord-
ing to standard methods (Grasshoff et al. 1983). An
overview on the different approaches used in the
 different years is given in Table 1.
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Determination of microbial cell abundance 
and biomass

To determine prokaryotic cell abundance, samples
(4 ml) were immediately fixed with paraformalde-
hyde and glutaraldehyde (final conc. 1% and 0.05%,
re spectively), deep-frozen in liquid nitrogen and
stored at −80°C until processing. Upon thawing, pro -
karyotic cell counts were determined with a FAC-
Scalibur (Becton & Dickinson) flow cytometer follow-
ing a previously described protocol (Gasol & del
Giorgio 2000).

To assess the abundance of heterotrophic nano-
flagellates (HNF), samples (100 ml) were fixed imme-
diately after retrieval with glutaraldehyde (1.25%
final conc. in 2005 and 0.5% final conc. in 2007) or
with particle free formaldehyde (1% final conc. in
2008) at 4°C for 2 to 24 h. Aliquots of 40 ml were then
vacuum filtered (100 mbar) onto black polycarbonate
filters (Nucleopore; 0.8 µm pore-size; Whatman). In
2007, filters were stained onboard with DAPI (0.01
mg ml−1 final conc.) prior to storage at −20°C; in 2005
and 2008, filters were first stored at −20°C and
stained with DAPI upon thawing (tests were con-
ducted to ensure this did not affect cell counts, F.
Weber unpubl. data). Observation and counting of a
minimum of 100 HNF cells per sample was per-
formed at a magnification of 630× and an excitation
wavelength of 360 nm (filter set 02, Carl Zeiss
Microscopy) under a Zeiss Axioskop 2 mot plus epi-
fluorescence microscope (Carl Zeiss Microscopy).

Enumeration of ciliates and dinoflagellates was ac -
complished following the Utermöhl technique (Uter-
möhl 1958) with samples (200 ml) previously fixed
with Lugol’s solution (1% final concentration) (Willen
1962). Samples were processed as de scribed in Ander-

son et al. (2012) and cells were enumerated by
screening between 10 diagonal stripes (representing
~one third of the total area) and the whole counting
chamber. Ciliates were classified as morphotypes of
the genera Metacystis, Mesodinium, Strombidium (in
2005, 2007 and 2008), Metopus, Tintinnopsis, Spa -
thidium and Uronema (in 2005) (Foissner et al. 1999).

Protist biomass estimates were derived from indi-
vidual cell volume calculations of distinguished mor-
photypes and size classes using approximate geo-
metric forms. The carbon content per cell was
determined by means of specific cell volume to bio-
mass conversion factors from the literature (220 fg C
µm−3 for HNF, Børsheim & Bratbak 1987; 125 fg C
µm−3 for dinoflagellates, Pelegri et al. 1999 and 190 fg
C µm−3 for ciliates, Putt & Stoecker 1989) and was
multiplied by the cell abundance to obtain the total
biomass for each protist group at the sampled depths.
It should be noted that the use of different fixation
methods might have affected the identification and
enumeration of some protists (Sherr & Sherr 1993).

Taxonomic identification of novel ciliates

A more comprehensive taxonomic identification of
dominant ciliates from the oxic- anoxic interface of
the Gotland Deep was performed in 2005 (Foissner et
al. 1999 and literature cited therein). Live ciliates
were concentrated by gravity filtration of 40 to 50 l of
seawater through a submerged 10 µm mesh size
plankton net, thereby largely reducing air contact.
Onboard, the concentrated material was stored at
4°C and then sent on ice to the laboratory in
Salzburg. There, samples were checked for the spe-
cies present, and those which were likely unde-
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                                                                                                        Gotland Deep                                                    Landsort Deep
                                                2005 May        2007 July                 2008 August         2008 August
                                                               Redox             Redox             Whole         Redox                Redox                   Redox
                                                           180−220 m     181−221 m       6−232 m    119−143 m        114−136 m             80−115 m

Physico-chemical parameters                 12                    11                    13                13                      12                          13
Determination of cell numbers                                                                                                                                             
Prokaryotes                                             12                    11                    13                13                      12                          13
HNF                                                                                                        13                13                      12                          13
Dinoflagellates                                                                                       13                13                      12                          13
Ciliates (incl. morphotypes)                  12                    11                    13                13                      12                          13

Taxonomic identification                                                                                                                                                      
Ciliates                                                     2                      2                                                                                                   

Molecular analysis                                                                                                                                                                 
DGGE fingerprint                                                                                  13                13                                                      

Table 1. Sampling effort for different analyses done during 3 cruises in 2005, 2007 and 2008 at Gotland Deep and Landsort Deep.
The number of samples for each analysis is given. Redox: high resolution redoxcline profile, Whole: whole water column profile



Aquat Microb Ecol 73: 1–16, 2014

scribed were studied in vivo and by various silver
impregnation methods as described in Foissner
(1991).

Detection of potential symbiotic bacteria associated
with redoxcline ciliates

Water samples from the oxic-anoxic interface
(129 m) in 2007 were fixed with 0.2 µm filtered form-
aldehyde (final conc. 2%) and filtered on 0.8 µm pore
diameter polycarbonate filters. Fluorescence in situ
hybridization (FISH) was accomplished as described
in Pernthaler et al. (2001), with 35% of deionized for-
mamide in the hybridization buffer. Either a mixture
of eubacterial probes (EUB338 I-III; Daims et al.
1999) or a probe specific for Gammaproteobacteria
(GAM42a + non labelled competitor probe Bet42a;
Manz et al. 1992) was used. DAPI-stained ciliates
were inspected for hybridized bacterial cells within
the cytoplasm or the cell surface. Among the ciliates
that were associated with bacteria, several were
unidentified, whereas many belonged to the genus
Metacystis, according to the prominent morphology.

Nucleic acids extraction and ribosomal
 complementary DNA (rcDNA) synthesis

Samples for nucleic acids extraction were taken
parallel to the samples for microscopical cell counts
in the profile from Gotland Deep in 2007. Microbial
biomass was collected on 0.2 µm pore size polycar-
bonate filters (Durapore, Millipore), shock frozen in
liquid nitrogen and stored at −80°C until nucleic acid
extraction was performed. A combination of mechan-
ical and chemical procedures was used in order to
simultaneously extract RNA and DNA as described
by Weinbauer et al. (2002).

The separated DNA and RNA extracts were washed
twice with 70% ice cold ethanol and dissolved in
nuclease free water. Residual environmental DNA
was eliminated in RNA extracts by DNase I digestion
(DNA-free Kit, Ambion) for 30 min at 37°C. An
aliquot of both nucleic acids was quality-checked
and quantified using a NanoDrop ND-1000 UV/Vis
spectrophotometer (NanoDrop, Thermo Fisher Sci-
entific). Enzymatic degradation of RNA was pre-
vented by treating each RNA extract with 0.9 µl
RNase inhibitor (Peqlab) per 20 µl of RNA sample.
Complete removal of the DNA in each of the RNA
extracts was verified by PCR, as described in the next
section, using the RNA extracts as template. To gen-

erate cDNA, ~200 ng of template RNA was reverse
transcribed at 42°C using the iScript Select cDNA
synthesis kit (Bio-Rad) following the manufacturer’s
recommendations. In addition to the random primer
provided with the kit, the eukaryote-specific primer
Euk B (Medlin et al. 1988) was used. In each reverse
transcription reaction, some of the RNA samples
were not supplemented with reverse transcriptase as
an additional control for DNA contamination.

Denaturing gradient gel electrophoresis (DGGE)

18S rRNA fragments (~560 bp length) were ampli-
fied by PCR using both DNA and cDNA as template
with the eukaryote specific primers EukA and
Euk516r-GC (Medlin et al. 1988, Amann et al. 1990).
The PCR mixture (25 µl) was composed of 200 µM of
each deoxynucleoside triphosphate, 0.47 mM of each
primer, 1.25 U of Taq DNA polymerase (Eppendorf)
and the Mg2+ self-adjusting PCR buffer supplied with
the enzyme (Taq Buffer advanced, Eppendorf). PCR
was started with an initial denaturation at 94°C for
2 min, followed by 34 cycles of 30 s at 94°C, 45 s at
56°C and 2 min at 72°C. The final extension step was
done at 72°C for 6 min.

DGGE was performed as described in Weber et al.
(2012) with denaturing conditions ranging from 40 to
55%. For a better comparison of band positions in
different gel runs, an environmental DGGE standard
with defined bands (loaded to middle and outer
lanes) was developed using samples from the same
sampling campaign. Gel images were subjected to
cluster analysis with the software GelCompare II
(Applied Maths). Densiometric curves of each lane
were used to calculate dendrograms after Pearson
correlation under the UPGMA model. Additionally,
cophenetic correlation coefficients were estimated
for each node of the dendrogram.

Across lanes, DGGE bands were assigned banding
positions, excised from the gel and eluted overnight
at 4°C in 50 µl of nuclease free water before they
were stored at −20°C. For reamplification of bands,
1 µl of a 1:10 000 dilution of the eluate served as tem-
plate in a PCR with the previously described condi-
tions. Subsequently, all reamplicons were verified to
derive from a single DGGE band by subjecting them
to additional DGGE runs. The final reamplification
was done with the reverse primer lacking the GC
clamp. PCR products were purified with the Nucleo -
Spin® Extract II kit (Macherey-Nagel). The sequen-
cing reactions were carried out with the primer EukA
by the sequencing service QIAGEN. Bands were
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excised and sequenced from the same band position
in several lanes. All bands assigned to a position were
quantified by their relative band intensity, translated
into diameter values and were plotted as bubbles
according to their presence in the depth profiles.

Phylogenetic analysis

Chromatograms supplied with each sequence
were reviewed in SeqManII (DNAStar) and ends
containing unreliable trace data peaks were trimmed
manually. Sequences were submitted to KeyDNA-
Tools (www.keydnatools.com) and BLAST (Altschul
et al. 1997) for chimera detection and taxonomic affil-
iation. Representative 18S rRNA sequences of a sin-
gle operational taxonomic unit (OTU) based on 99%
similarity were called by creating a distance matrix
and clustering of sequences according to the aver-
age-neighbor method in Mothur (Schloss et al. 2009)
and were deposited in GenBank under accession
numbers KF373741 to KF373752.

Multiple alignments were done using MAFFT ver-
sion 6 (Katoh et al. 2002) and were inspected and
manually refined in BioEdit (Hall 1999). Bayesian
and maximum likelihood phylogenetic trees with 57
complete and partial 18S rRNA sequences were cal-
culated using MrBayes version 3.2.1 (Ronquist et al.
2012) and RAxML version 7.0.4 (Stamatakis 2006),
launched via the web-based computational resource
Bioportal of the University of Oslo (Kumar et al. 2009).
Trees generated with both methods were fairly simi-
lar in topology (overall topological score = 94.5%) as
calculated from Compare2Trees (Nye et al. 2006),
and, therefore, only the Bayesian tree is shown. The
Bayesian likelihood parameters were set to the sub-
stitution model GTR. Rate variation across sites was
modeled using a gamma-shaped rate variation with a
proportion of invariable sites. Rate variation across
the tree was allowed under the covarion-like model.
Monte Carlo Markov chain (MCMC) search was run
with 4 chains for 1 000 000 generations, with trees
being sampled every 100 generations. Bayesian
 posterior probabilities were calculated under the
MCMC method. The first 25% of sampled trees were
considered ‘burn-in’ trees and were discarded prior
to tree reconstruction. The maximum likelihood phy-
logenetic tree and bootstrap analysis in RAxML were
done in 1000 replicates on random starting trees
under the evolutionary model GTRGAMMA. A con-
sensus tree, displaying the bootstrap values, was
computed in MrBayes and respective values were
transferred into the Bayesian topology tree.

RESULTS

Physico-chemical characteristics of the central
Baltic Sea water column

During our observation period at Gotland Deep in
2007, 2008 and Landsort Deep in 2008, we found a
characteristic water column stratification for the cen-
tral Baltic Sea (Jost et al. 2008, Anderson et al. 2012),
as exemplified for the Gotland Deep in 2007 in Fig. 1.
The euphotic zone extended down to 16 m, deter-
mined as the depth where irradiance represented 1%
of subsurface photosynthetically active radiation. The
water column was characterized by a thermocline
and a deeper halocline. Between these 2, the cold in-
termediate water layer was situated with higher oxy-
gen concentrations than surface waters. Below the
halocline, oxygen declined until its complete de -
pletion at the redoxcline (transition zone be tween
oxygenated and sulfidic waters). The chemocline
 de marcated the beginning of the sulfidic part of the
water column, which was characterized by steadily
increasing H2S content towards the seafloor (Fig. 1B).

Microbial abundance and protistan community
structure along the redox gradient based on

microscopical analysis

In the water column, the abundance of all microbial
cells (prokaryotes, HNF, dinoflagellates and ciliates)
was highest in the surface zone; declined drastically
with decreasing oxygen tension and showed a
second, smaller peak near the chemocline (Fig. 1B,C).
Prokaryote abundance (including both Bacteria and
Archaea) at the chemocline was one fourth of the con-
centration detected at the surface, while HNF, dino-
flagellates and ciliates accounted for 6, 13 and 20% of
their respective abundances in surface waters. Bio-
mass estimates for different functional groups of pro-
tists showed a dominance of ciliates at the oxic-anoxic
interface (87 to 97% in all profiles investigated, Fig. 1D).
The sulfidic part of the water column was character-
ized by very low protist cell numbers, while the abun-
dance of prokaryotes re mained high and even slightly
increased towards the seafloor (Fig. 1B).

High resolution cell counts along the redox zones of
Landsort and Gotland Deep from 2007 and 2008, plot-
ted against oxygen concentrations, exhibited a consis-
tent distribution pattern of prokaryotes, HNF, dinofla-
gellates and ciliates (Fig. 2). Highest prokaryotic cell
numbers were detected directly at or around the oxic-
anoxic interface (dashed line). At sulfidic depths, cell
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numbers declined slightly but still ex ceeded those
found in the suboxic zone. Overall, higher prokaryotic
cell counts were obtained in Landsort Deep than in
Gotland Deep, with respective maximal abundances
of 9.4 × 108 cells l−1 and 6.2 × 108 cells l−1 (Fig. 2A).

HNF and ciliate abundances followed similar pat-
terns along the oxygen gradient. Both reached the
highest numbers around the interface (respective

maximum of 5.3 × 105 cells l−1 and 8.8
× 103 cells l−1) and higher abundances
at Landsort Deep than at Gotland
Deep (Fig. 2B,D). In contrast to
prokaryotes, HNF and ciliate numbers
strongly declined with increasing
depth and H2S content. Dinoflagellate
abundance generally showed the high-
est abundance in the suboxic zone and
declined drastically when H2S ap -
peared in the water column (Fig. 2C).
Highest dinoflagellate counts were ~16
× 103 cells l−1 in the oxygen de pleted
zones of both Gotland Deep in 2007
and Landsort Deep in 2008.

Ciliate distribution and identification

Beyond the rough classification of
protist functional groups, the distinc-
tion and enumeration of different cili-
ate morphotypes allowed us to view

the protist zonation at a higher resolution (Fig. 3, Fig.
A1 in the Appendix). Although a significant propor-
tion of ciliates re mained un identified at some depths,
3 morphotypes dominated: Meta cystis spp., Strom-
bidium spp. and Mesodinium spp., all showing clear
shifts in abundance along the oxic-anoxic transition
zone (Fig. 3A). Strombidium was present solely in the
suboxic zone and disappeared with the complete
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depletion of oxygen. Mesodinium was
present at low abundance in the sub-
oxic zone and peaked around the
interface. Finally, Metacystis peaked
at the interface and ex tended down to
depths with high sulfide concentra-
tions (Fig. 3B).

In 2005, a more precise taxonomic
identification by means of live ob -
servation and silver impregnation al -
lowed the detection of novel ciliate
species (Fig. 4A−I), which will be
described in a separate paper. The
most frequent ciliates belonged to the
genus Metacystis, which was repre-
sented by at least 5 species, as judged
from cell sizes and morphological
structures. At least one of them was a
new species, related to M. elongata
but differing by possessing a caudal
cilium (Fig. 4A,E,F). FISH hybrid -
isations, conducted with samples from
the oxic-anoxic interface in 2007,
showed Metacystis cells to be charac-
teristically associated with large, pre-
sumably endo symbiotic Eubacteria
and covered by numerous small, pre-
sumably ecto symbiotic Gammaproteo -
bacteria (Fig. 5).

Two other ciliates were classified as
potential novel genera. One was re-
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basket, OC − oral ciliature, OF − oral flaps.
Scale bars = (F,G) 5 µm, (H) 10 µm, (D,I) 

25 µm, (A−C,E) 50 µm
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lated to Placus, having a similar cortex structure but
differing in the structure of the brush (Fig. 4B, C,G,H).
The other belonged to the family Plagiocampidae, as
indicated by the characteristic finger-like oral flaps on
the dorsal mouth margin but differs from the known
genera of this family by the unusual cortex consisting
of large, quadrangular alveoli (Fig. 4D,I).

Vertical protistan community
 distribution along the redox gradient

based on 18S rRNA fingerprints

To determine changes in the pro -
tistan community composition along
the oxygen gradient, we performed
DGGE fingerprints with samples from
the whole water column (Fig. 6) and
a high resolution redoxcline profile
(Fig. 7) of Gotland Deep in 2007. In
each case, fingerprints were based
on 18S rRNA gene fragments (DNA)
as well as the respective gene tran-
scripts (RNA) in order to detect distri-
bution patterns of active protists
(Stoeck et al. 2007). Both cluster ana -
lysis of RNA- and DNA-based finger-
prints illustrated that the protist com-
munities from different depths largely
clustered according to their values
of oxygen and H2S concentration
(Figs. 6 & 7).

Dendrograms from fingerprints of
the whole water column (Fig. 6) sepa-
rated different water bodies: euphotic
surface waters (6 and 15 m) with an
oxygen concentration of 230 µM; the
cold intermediate water layer (29, 47
and 61 m) where oxygen varied be -

tween 200 and 350 µM; suboxic waters (112, 126 and
133 m) with low oxygen content (2  to 18 µM) but
devoid of H2S and sulfidic waters (142, 176 and
201 m), free of oxygen and containing 30  to 70 µM
H2S. Suboxic waters were clearly more similar to the
surface samples than to sulfidic or cold intermediate
layer samples.
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Fig. 5. Epifluorescence micrographs of Metacystis spp. with potentially symbi-
otic bacteria. (A,C) DAPI-stained Metacystis cells with bacteria in the cyto-
plasm (note that bacteria on the cell surface are not in focus in C). (B) Fluores-
cence in situ hybridization (FISH) signal of Eubacteria (EUB338I-III) within the
cytoplasm. (D) FISH signal of Gammaproteobacteria (GAM42a) on the cell
surface. FV − food vacuole, MI − micronucleus, MA − macronucleus, EUB − 

Eubacteria, GAM − Gammaproteobacteria. Scale bars = 20 µm

Fig. 6. Dendrograms of (A) DNA-based and (B) cDNA-based DGGE fingerprints of sampled depths in the whole water column
of the Gotland Deep in July 2007. Black, grey and white circles at the nodes represent cophenetic cor relation coefficients of
100, ≥85 and ≥70, respectively. The O2 and H2S values for all depths are given in the bar charts. ST indicates standard lanes
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Dendrograms of the high resolution redoxcline
profiles showed a clear separation of samples from
the suboxic and the sulfidic zone (Fig. 7). Samples
from the oxic-anoxic interface (127 and 129 m) were
generally more similar to fully sulfidic samples than
to suboxic samples, indicating oxygen values around
the detection limit of the method applied (1 to 2 µM O2)
to be the demarcation between an oxic and anoxic
protistan community (Fig. 7). A clear separation of
communities deriving from oxic and anoxic water
masses could additionally be confirmed by dendro-
grams, which were generated solely through the
presence and absence of DGGE bands (Jaccard
index) for both profiles and through DNA and RNA
gels (data not shown).

Phylogenetic identification of protists 
based on 18S rRNA sequences

Reamplification of excised gel bands from the 2
DNA- and RNA-based DGGE fingerprints resulted in
38 sequences belonging to microbial eukaryotes.
These clustered into 12 OTUs (here also defined as
DGGE band positions) within the following taxo-
nomic groups: dinoflagellates (4 OTUs), ciliophorans
(2 OTUs), euglenozoans (2 OTUs), jakobids (2 OTUs)
and choanozoans (2 OTUs). Most OTUs showed a
specific distribution pattern with respect to the redox
conditions in the whole water column (Fig. 8B) and
the redoxcline profile (Fig. 8C).

The euglenozoan phylotype (OTU 10) with 100%
sequence identity to Eutreptiella gymnastica was
found solely in surface water samples (based on DNA
and RNA gels). Two dinoflagellate phylotypes (OTU
2 based on DNA, OTU 3 based on DNA and RNA)

were detected in the cold intermediate and highly
oxygenated water layer as well as in the suboxic zone
and reached higher relative amplicon abundances in
the latter. OTU 3 was closely affiliated (98% similar-
ity) to the mixotrophic dinoflagellate Karlodinium
mi c rum (not shown in tree), while OTU 2 was very
distantly related to any cultured species and formed
a long branch with clones from oxic and suboxic mar-
ine sites.

In the suboxic zone, the most dominant bands be -
longed to OTU 5 (10 to 20% relative intensity in RNA
gels), which was closely affiliated to the ciliate
Strombidium basimorphum (99% similarity), and to
OTU 1 (up to 44% in DNA gels), which had 99%
sequence similarity to the pigmented dinoflagellate
Gymnodinium catenatum. The latter phylotype was
additionally present with lower signal intensity
(~13% in DNA gel) in sulfidic depths, whereas at the
RNA level it was detected only in well oxygenated
depths (ca. 3% relative band intensity in RNA gels).

Throughout the whole sulfidic part of the water
column, both RNA- and DNA-based approaches re -
vealed 2 phylotypes with high amplicon abundance.
One (OTU 7) accounted for up to 40 and 25% of rela-
tive band intensity in RNA and DNA gels and was
affiliated within the excavate jakobids, very distantly
related (82%) to the closest cultured representative
Jakoba incarcerata. The other phylotype (OTU 9)
was represented in RNA and DNA gels with up to 20
and 25% of relative band intensity, branched off
within the Symbiontida and was very divergent to
cultured species like Calkinsia aureus and Bihospites
bacati (80% and 78% similarity, respectively). Both
the jakobid and symbiontid phylotypes were exclu-
sively related to environmental sequences from vari-
ous anoxic and sulfidic sites (Edgcomb et al. 2002,

9

Fig. 7. Dendrograms of (A) DNA-based and (B) cDNA-based DGGE fingerprints of sampled depths in the high resolution re-
dox zone profile of the Gotland Deep in July 2007. Black, grey and white circles at the nodes represent cophenetic correlation
 coefficients of 100, ≥85 and ≥70, respectively. The O2 and H2S values for all depths are given in the bar charts. ST indicates 

standard lanes
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Alexander et al. 2009, Behnke et al. 2010, Wylezich &
Jürgens 2011) (Fig. 8A). Other phylotypes, which
were distributed with lower signal intensity (5 to
10%) in the sulfidic zone, belonged to dinoflagellates
(OTU 4, only in DNA gel) and choanoflagellates
(OTU 11, only in RNA gel). The dinoflagellate phylo-
type OTU 4 clustered together with environmental
syndiniales group 1 sequences from oxic and hypoxic
marine systems. The choanoflagellate phylotype
(OTU 11) showed 100% sequence similarity to Co do -
siga balthica. Another jakobid (OTU 8), barely affili-
ated (82%) to described species but closely affiliated
(100%) with a clone from the sulfidic boundary in the
Framvaren Fjord, was detected solely in the RNA gel
from a sample close to the seafloor (232 m) (Fig. 8B).
The ciliate phylotype (OTU 6), closely re lated to Pro-
rodon teres (98%), showed a wide distribution from
surface waters to the sulfidic zone, with the highest
signal intensity of RNA derived bands (up to 15%) in
suboxic to slightly sulfidic water layers (Fig. 8B,C).
The closest environmental se quences were obtained
in DNA- and RNA-based studies from other interface
and anoxic samples (Fig. 8A).

DISCUSSION

Protistan community structure along 
the pelagic redox gradient

Aquatic systems with anoxic deep water generally
have a bimodal vertical distribution of prokaryotic
and eukaryotic microbial cells. The peak in cell num-
bers at the oxic-anoxic interface can exceed the one
formed at the surface waters, e.g. in the Cariaco
Basin (Taylor et al. 2001, Lin et al. 2007) or vice versa
like in the Baltic Sea (Setälä 1991, Detmer et al. 1993,
Anderson et al. 2012). The latter was also the case for
the deep basins of the central Baltic Sea (Fig. 1),
which showed a main change in protist composition;
where as heterotrophic flagellates constituted up to
85% of the total protistan biomass at the surface, cil-
iates accounted for a similar percentage at the oxic-
anoxic boundary (Fig. 1). This represents a funda-
mental change of the microbial food web structure,
with flagellates as the dominant bacterial consumers
in surface waters and ciliates as the major bacteri-
vores within the redox zone (Anderson et al. 2012).
The high abundance of prokaryotes seems to support
the growth of larger ciliate taxa, since ciliates at
interface depth were represented by only 20% of cell
counts but with approximately three-quarters of bio-
mass compared to respective surface layer values.

Besides ciliates, dinoflagellates represented a major
component in terms of cellular abundance and bio-
mass (up to 56% of total protistan biomass) in suboxic
waters. Sulfidic waters, on the other hand, were char-
acterized by low protist numbers and relatively high
prokaryote abundance, which is consistent with ob -
servations from other anoxic systems (Fenchel et al.
1990, Massana & Pedrós-Alió 1994) and previous
 estimates of low bacterial grazing losses in sulfidic
waters of the central Baltic Sea (Anderson et al. 2012).

The 18S rRNA gene and transcript-based analysis
also documented the stratification of the protistan
communities along the redox gradient (Figs. 6 to 8).
The most pronounced shift was observed at oxygen
concentrations of 2 to 5 µM (ca. 1 to 2% atmospheric
saturation), providing evidence for a turning point of
an aerobic to a facultative or obligate anaerobic me-
tabolism (Fig. 7). Indeed, these oxygen concentrations
represent the tolerance level of many obligate anaer-
obes (Fenchel & Finlay 2008). It is additionally the up-
per limit where enough reducing power can be sup-
plied for oxygen consumption, effectively acting as an
oxygen detoxification mechanism for anaerobic pro-
tists (Fenchel & Finlay 1995), and where endo symbiotic
methanogens are active and chemosensory phobic re-
sponse to O2 is provoked (Fenchel & Finlay 1990b).
Aside from redox conditions as the main driving force,
other factors such as prey composition and availability
might play an additional role in vertical protist zona-
tion. Altogether, 3 different zones (suboxic, oxic-anoxic
interface and sulfidic zone) could be distinguished by
their protistan assemblages based on DGGE cluster
analysis (Fig. 7 A), phylotype (Fig. 8) and morphotype
composition (Figs. 2 & 3), confirming previous investi-
gations in this system (Anderson et al. 2012).

Dominant protists in suboxic, interface 
and sulfidic depths

The suboxic zone appeared to be primarily domi-
nated by dinoflagellates and ciliates of the genus
Strombidium. Among the 3 dinoflagellate phylo-
types, 2 belonged to the order Gymnodiniales (OTU
1, 3), whereas one was rather of unknown taxonomic
affinity (OTU 2). However, all 3 phylotypes were
closely related to many environmental sequences
retrieved under similar redox conditions from, e.g.,
the Black Sea and the Gulf of Mexico (Fig. 7A). How-
ever, the parallel 18S rRNA transcript-based ap -
proach showed a pronounced discrepancy in phylo-
type distribution for OTU 1 and 2 raising doubts on
their activity in the suboxic zone (Fig. 8). A remark-
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ably similar result was obtained with an identical
phylotype to our OTU 1 in the Black Sea (Coolen &
Shtereva 2009). A mismatch between taxon presence
(DNA approach) and activity (RNA approach) seems
to be a common phenomenon among certain dino -
flagellate representatives in oxygen depleted and
anoxic environments (Stoeck et al. 2007, Coolen &
Shtereva 2009). It might be that diploid states in their
life cycle and the extreme variability of rRNA gene
copy numbers (from 65 to 12 000 copies cell−1) in
dinoflagellates could cause considerable overestima-
tions of their relative amplicon abundance (Galluzzi
et al. 2004, 2010, Zhu et al. 2005). Nevertheless, var-
ious dinoflagellate taxa were de tected (via RNA) to
be preferentially active in the suboxic zone of the
Black Sea (Wylezich & Jürgens 2011) and catalyzed
reporter deposition-fluorescence in situ hybridization
(CARD-FISH) analysis confirmed that they are active
grazers in Baltic Sea suboxic depths (Anderson et al.
2012). These facts, and the distinct abundance peak
formed by intact dinoflagellate cells in Baltic Sea
suboxic zones, as observed via microscopy, point to
an important role of dinoflagellates in this zone
(Anderson et al. 2012, this study).

Within the ciliate genus Strombidium, remarkably
similar results were obtained by microscopy and 18S
rRNA-DGGE, indicating a high abundance and
activity in the suboxic zone. The strong DGGE band
of OTU 5 (Fig. 8), related to Strombidium cf. basimor-
phum, suggest that the bulk of Strombidium spp. cell
counts were comprised by this phylotype. Strombid-
ium species are common photosynthesizers in sur-
face waters, but they are also known mixotrophs and
can be frequently detected in oxygen deficient sys-
tems (Fenchel et al. 1990, Stoeck & Epstein 2003,
Behnke et al. 2006) where they have been shown to
be active grazers (Anderson et al. 2012).

The majority of all ciliate morphotypes detected at
the oxic-anoxic interface and the upper sulfidic zone
belonged to the genus Metacystis, which was repre-
sented by at least 5 species, as determined by the mi-
croscopic inspections. At least one represents a novel
species with features different to those found in the
14 Metacystis species described so far from marine,
brackish and freshwater environments (summarized
in Arregui et al. 2010). Metacystis species were often
described as sessile or as benthic dwellers (Aladro-
Lubel & Martinez-Murillo 1999, Azovsky & Mazei
2003, Prast et al. 2007, Arregui et al. 2010). Aside
from the findings in a shallow lake (Guhl et al. 1996)
and in nutrient-rich brackish tide pools (Dietz 1964,
W. Foissner unpubl.), the Baltic Sea seems to be the
only aquatic system where Metacystis species are an

important component of the pelagic protist commu-
nity. A high proportion of Metacystis spp. were large
forms (70 to 100 µm), which dominated the protistan
assemblage with up to 80% of total biomass in the re-
doxcline. Since protistan grazing in these strata can
eliminate up to 100% of the pro karyal standing
stocks per day (Anderson et al. 2012), Metacystis spe-
cies are likely the dominant grazers of prokaryotes. In
addition, these ciliates seem to maintain partnerships
with large numbers of endo- and ectosymbiotic bac-
teria (Fig. 5), which argues for multiple functions me-
diated by this key component of the Baltic Sea redox-
clines. However, to date, the phylogenetic identity of
the genus Metacystis still remains unsolved, since
18S rRNA sequences of all morphologically de scribed
Metacystis species are missing.

Other ciliates consistently present at interface depths
were Mesodinium spp. as revealed by the morpho-
logical approach. Unfortunately, none of those were
detected via DGGE, because the em ployed primer
set does not amplify this genus. Mesodinium species
have long been recognized as photosynthetically
active but are also capable of bacterivory (Myung et
al. 2006). Mesodinium rubrum has been shown to
form abundance maxima at shallow redoxclines (12
to 14 m) of a Baltic Sea inlet in order to exploit high
nutrient concentrations before moving back to the
euphotic zone (Lindholm & Mörk 1990). However,
the fact that the central Baltic Sea’s redoxclines are
situated between 90 and 130 m of depth, motility
costs make such a migration behavior less likely.
Several molecular surveys conducted in the Mariager
and Framvaren Fjords, hypersaline deep sea basins
and the Black Sea revealed Mesodinium-related
sequences to be frequent at the redoxcline and in
anoxic waters, with the deepest RNA signature de -

tected at a depth of 3500 m (Behnke et al. 2006, 2010,
Zuendorf et al. 2006, Alexander et al. 2009, Wylezich
& Jürgens 2011). Although, the Mesodinium species
present at deep pelagic redoxclines seem to be pig-
mented (Anderson et al. 2012), they might represent
different taxa to the ones present at mixed layer
depths or subpopulations of these, which are able to
prosper independent of light energy.

The most prominent flagellate phylotypes which
emerged in the sulfidic zone, with strong DNA- and
RNA-derived signatures in DGGE gels, were affili-
ated within jakobids (OTU 7) and euglenozoans
(OTU 9). The closest relatives of both have been
recorded from various anoxic sites such as the Fram-
varen Fjord (Behnke et al. 2006) or the Black Sea
(Wylezich & Jürgens 2011), and jakobid se quences
accounted for almost three-quarters of all clones in a
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genetic library from an anoxic sample of the Baltic
Sea (Stock et al. 2009). With our high resolution sam-
pling in Gotland Deep, we demonstrate that these 2
phylotypes are important components of the protist
community in the entire sulfidic zone (ca. 100 m
thickness) in terms of presence and activity. The
euglenozoan phylotype belonged to the Symbiontida
subgroup, which has been recently shown to harbor
numerous sulfur or sulfide-oxidizing Epsilon proteo -
bacteria as symbionts (Edgcomb et al. 2011d).

The choanoflagellate phylotype (OTU 11), which
was found at the interface and upper sulfidic zone,
was very closely related to Codosiga balthica, a
recently described isolate from the Baltic Sea oxic-
anoxic interface. It harbours endosymbiotic bacteria
and possess atypical mitochondrial cristae, assum-
ingly as an adaption to oxygen limited and anoxic
conditions (Wylezich et al. 2012). Sequences of this
taxon were also found in the sulfidic depths of the
Gotland Deep in 2005 (Stock et al. 2009), and at the
oxic-anoxic interface of Landsort Deep in 2011
(Anderson et al. 2013), indicating that it could be a
permanent member and important bacterivore in
Baltic Sea hypoxia.

Finally, the dinoflagellate OTU 4 belonged to
prominent residents of oxygen deficient and anoxic
ecosystems, the syndiniales group 1 (Guillou et al.
2008). Syndiniales comprise a widespread group of
obligate parasites with a broad host spectrum rang-
ing from protists to metazoans. Since metazoans gen-
erally do not prosper under sulfidic conditions, it is
likely that our OTU is a parasite of other anaerobic
protists. Further, unlike the assumption that syn-
diniales are exclusively marine (Guillou et al. 2008),
our data suggest this group has a wider salinity toler-
ance, including at least brackish water conditions.

Currently, for the dominant protists that prosper in
distinct redox zones of the Baltic Sea, rather vague
ecological functions can be inferred from our find-
ings and the comparative literature. Therefore, com-
prehensive studies are needed that target these par-
ticular taxa and assess their grazing impact, food
preferences and symbiotic interactions in order to
increase our understanding of the biogeochemical
processes of this and other redoxcline systems.

CONCLUSIONS

The application of morphological and molecular
techniques in concert has been frequently recom-
mended as a valuable task for better understanding
the structuring and composition of protist communities

(e.g. Zuendorf et al. 2006, Behnke et al. 2010, Caron et
al. 2012) Following this strategy to examine the domi-
nant protist taxa along pelagic redox gradients of the
central Baltic Sea turned out to compensate for short-
comings related to the application of just a single
method. The semi-quantitative nature of molecular
techniques caused by PCR bias and species specific
variations in 18S rRNA gene copy number (Caron
2009) was outbalanced by obtaining cell counts and
biomass estimates of certain functional and taxonomic
protist groups. Furthermore, micro scopy was superior
in the detection of larger ciliates like Metacystis and
Mesodinium as major components of the redoxcline
protist community which remained undetected by the
molecular approach. On the other hand, the use of
18S rRNA sequences allowed a more accurate and
unambiguous taxonomic identification for some pro-
tists. This is especially important for amorphous pro-
tists with few diagnostic features (Caron 2009). Like
the findings of Savin et al. (2004), the overall congru-
ence of taxa detected by both approaches was unex-
pectedly low and highlights again the need for such
combined approaches to cover a larger portion of pro-
tistan assemblages.

The sampling campaigns in different years re -
vealed a remarkably similar morphotype distribution
along the redoxclines, which was also highly compa-
rable with the ones observed by Anderson et al.
(2012, 2013). Additionally, our study shared 3 phylo-
types (affiliated within Codosiga, Strombidium and
Prorodon) that were detected at similar redox condi-
tions in the Baltic Sea by previous and later sequen-
cing approaches (Wylezich et al. 2012, Anderson et
al. 2013). This argues that the Baltic Sea’s pelagic
redox zones are inhabited by a characteristic and rel-
atively stable community of dominant protist. Obser-
vations in the redox gradients of the Framvaren Fjord
(Behnke et al. 2010) and the Cariaco Basin (Orsi et al.
2011) provide some evidence for seasonal fluctua-
tions in the protist communities. Further studies in
the Baltic Seas pelagic redox zone, with a higher
temporal resolution in the yearly cycle, are needed.
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Appendix. Fig. A1. High resolution profile of ciliate morphotype composition during reconstruction process of the redox zone
at Gotland Deep on (A,B) 4 May and (C,D) 6 May 2005. Changes with depth in (A,C) oxygen, hydrogen sulphide and prokary-
ote concentrations and in (B,D) ciliate cell-counts are shown. The horizontal dashed line represents the oxic-anoxic interface
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