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a b s t r a c t

Phytoplankton blooms in surface waters of the oceans are known to influence the food web and
impact microbial as well as zooplankton communities. Numerous studies have investigated the fate of
phytoplankton-derived organic matter in surface waters and shelf sediments, however, little is known
about the effect of sinking algal biomass on microbial communities in deep-sea sediments. Here, we
analyzed sediments of four regions in the Southern Atlantic Ocean along the Antarctic Polar Front that
had different exposures to phytoplankton bloom derived organic matter. We investigated the microbial
communities in these sediments using high-throughput sequencing of 16S rRNA molecules to determine
microorganisms that were active and catalyzed reporter deposition fluorescence in situ hybridization to
infer their abundance and distribution. The sediments along the Antarctic Polar Front harbored microbial
communities that were highly diverse and contained microbial clades that seem to preferably occur in
regions of high primary productivity. We showed that organisms affiliated with the gammaproteobac-
terial clade NOR5/OM60, which is known from surface waters and coastal sediments, thrive in the deep-
sea. Benthic deep-sea NOR5 were abundant, diverse, distinct from pelagic NOR5 and likely specialized on
the degradation of phytoplankton-derived organic matter, occupying a similar niche as their pelagic
relatives. Algal detritus seemed to not only fuel the benthic microbial communities of large areas in the
deep-sea, but also to influence communities locally, as we found a peak in Flavobacteriaceae-related
clades that also include degraders of algal biomass. The results strongly suggest that phytoplankton-
derived organic matter was rapidly exported to the deep-sea, nourished distinct benthic microbial
communities and seemed to be the main energy source for microbial life in the seafloor of vast abyssal
regions along the Antarctic Polar Front.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The extent of primary productivity and the availability of
organic matter greatly influence the structure of heterotrophic
communities in the oceans, including both macrofauna (Levin and
Gage, 1998) and microorganisms (Horner-Devine et al., 2003).
Phytoplankton blooms in the euphotic zone of the oceans serve as
a food source for zooplankton (Löder et al., 2011) and pelagic

communities (Pinhassi et al., 2004; Teeling et al., 2012). These
blooms can shift entire planktonic microbial communities from
being dominated by oligotrophic Alphaproteobacteria to being
dominated by copiotrophic Flavobacteria that grow on decaying
algae and Gammaproteobacteria that profit from products released
by the degradation of algal biomass (Teeling et al., 2012).
Some genera of Flavobacteria, such as Polaribacter, Formosa and
Ulvibacter, are known to specialize on the degradation of complex
polysaccharides that are characteristic for diatoms, such as lami-
narin, fucan and sulfated polysaccharides in the cell wall. They
access these large molecules through specific transport systems,
carbohydrate-active enzymes, including glycoside hydrolases and
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sulfatases, which are typically encoded in so-called polysaccharide
utilization loci (Mann et al., 2013; Teeling et al., 2012).

Although most of the bloom biomass is remineralized in the
food web of the euphotic zone, some of the organic matter escapes
degradation in the surface waters and is exported to the meso-
and bathypelagial. Estimates on the amount of exported biomass
range from around 2% (Fischer et al., 2000) to up to 50% (Smetacek
et al., 2012), while only less than 2% of the primary produced
organic carbon might actually reach the seafloor (Schlüter et al.,
2000). Due to permanent darkness most of the life in the
abyssal seafloor is dependent on this input of photosynthesis-
derived particulate organic carbon (POC) from the ocean surface
(Jørgensen and Boetius, 2007; Sevastou et al., 2013). It was shown
that settled POC is taken up by meio- and macrofaunal benthic
communities as well as further utilized by microorganisms
(Moodley et al., 2002; Witte et al., 2003). POC mainly occurs as
algal detritus and fecal pellets (Boyd and Trull, 2007) that have
varying sinking speeds between 35 m day�1 for copepod fecal
pellets (Ploug et al., 2008), to around 200 m day�1 for aggregated
diatoms (Scharek et al., 1999), to above 2000 m day�1 for salp
fecal pellets (Bruland and Silver, 1981). Regional studies provided
evidence that the size-structure of the phytoplankton community,
rather than primary productivity, may be the dominant control on
the flux of organic matter to the deep sea (Boyd and Newton, 1995,
1999).

Fischer et al. (2000) proposed that in the Southern Ocean, in
particular in the Polar Front area, the organic matter produced
during phytoplankton blooms might be more rapidly transported
downward due to the formation of large particles or mass
sedimentation of diatoms. The standing stocks of benthic meio-
and macrofaunal assemblages of the Southern Ocean further
suggest a relatively high supply of POC to the sediments (Brandt
et al., 2007). Interestingly, in the Southern Ocean, benthic com-
munities of regions with high surface water productivity were
found to be similar to those in low productivity regions (Jamieson
et al., 2013) and in sediments below the Ross ice-shelf (Carr et al.,
2013), indicating that other factors than just the extent of primary
productivity play a role. However, as research focused on macro-
faunal benthic communities, little is known about microbial
communities in sediments along the Antarctic Polar Front. Thus,
it is still unclear whether phytodetritus pulses might also induce
rapid shifts in microbial community structure, activity or biomass
and whether certain microbial groups benefit more from this input
than others on a long term.

Here, we analyzed the bacterial community structure of four
abyssal sediments and one shallow reference site in the Atlantic
sector of the Southern Ocean using high-throughput sequencing
and fluorescence in situ hybridization. The sediments originated
from regions that had different exposures to phytoplankton
blooms in order to investigate potential links between the
blooms and benthic microorganisms. Our main hypotheses were
(i) that the seafloor of this region harbors specific bacterial
clades that benefit from the sinking algal-derived matter and
(ii) that an extended bloom situation in the surface ocean leads
to changes in the benthic microbial communities with short
delay times.

2. Materials and methods

2.1. Sampling procedure and sampling sites

The five investigated stations were located along the Antarc-
tic Polar Front between South Africa and Argentina (Fig. 1 and
Table 1), of which four stations were abyssal, open ocean sites.
Station 81 was sampled around 20 days after the peak of a short

phytoplankton bloom (bloom A, duration �30 days). This station
was likely exposed to low amounts of bloom-derived particulate
organic carbon (POC, Table 1) and is referred to as A81short (A:
bloom A; 81: sampling station 81; short: short exposure time to
bloom-derived POC). Station 86 was sampled around 10 days
after the peak of an extended bloom (bloom B) and was thus also
shortly exposed to POC (sample ID: B86short). Station 141 (sample
ID: B141long) was sampled around 30 days after the peak of the
same extended bloom B and had a long exposure to bloom-
derived POC. Both stations, 86 and 141, were located in the same
area, were influenced by the same bloom and seemed to have a
similar biogeochemistry. They mainly differed in the time they
were exposed to sinking particles. Station 175 (sample ID:
C175long) was sampled 50 days after the peak of another
extended bloom (bloom C). The fifth station (sample ID: R177),
taken as a reference, was shallow and located on the South
American shelf. The samples were retrieved by multi-coring
during cruise ANT-XVIII/3 on the German research vessel “FS
Polarstern” in 2012. After retrieval, the cores were transferred to
the cold room (4 1C) and sectioned at intervals of 1 cm. For the
microbial community analysis, we selected four layers (layer 1:
0–1 cm; layer 2: 1–2 cm; layer 3: 2–3 cm; layer 4: 3–5 cm) of
each core. Subsamples for nucleic acid extraction were frozen at
�20 1C and subsamples for CARD-FISH were fixed in 3% for-
maldehyde in sterile sea water for a maximum of 8 h at 4 1C,
washed twice with 1� PBS and stored in 1� PBS/absolute
ethanol (1:1) at �20 1C.

Settling particles were collected using free-drifting sediment
traps (referred to as ‘drifting traps’) at all open-ocean stations.
The drifting traps consisted of a drifting array attached to a surface
buoy equipped with a GPS satellite transmitter, two surface floats
and 12 small buoyancy balls serving as wave breakers to reduce
the hydrodynamic effects on the traps. One gimbal mounted
collection cylinder (100�10.4 cm), was deployed at 300 m. The
collection cylinder was equipped with 200 ml of a viscous gel
(Tissue-Teks, O.C.T.™ COMPOUND, Sakura) to intercept and pre-
serve settling particles without destroying their original size and
structure. Upon recovery, the particles settled for 12 h before the
gels were removed and photographed using a stereomicroscope.

2.2. Chlorophyll a measurements

Water samples for Chlorophyll a (Chla) analysis were collected
from Niskin bottles mounted on a CTD rosette and filtered onto
25 mm diameter GF/F filters at pressures not exceeding 200 mbar.
Filters were immediately transferred to centrifuge tubes with
10 ml 90% acetone and 1 cm3 of glass beads. The tubes were
sealed and stored at –20 1C for at least 30 min and up to 24 h. Chla
was extracted by placing the centrifuge tubes in a grinder for
3 min followed by centrifugation at 0 1C. The supernatant was
poured in quartz tubes and measured for Chla content in a Turner
10-AU fluorometer. Calibration of the fluorometer was carried out
at the beginning and at the end of the cruise. Results of the
fluorometer calibration diverged by 2% between beginning
and end of the cruise. Chla content was calculated as described
previously (Knap et al., 1996) using average parameter values from
the two calibrations.

2.3. Particulate organic carbon (POC) measurements

Water samples for POC analyses were obtained from Niskin
bottles attached to a Conductivity Temperature Depth (CTD)
rosette from discrete depths between 10 and 150 m depth at each
station. Samples (from 1 to 2 l) were filtered onto pre-combusted
glass fiber filters (Whatman GF/F) and stored in pre-combusted
glass petri dishes. After filtration filters were dried overnight at
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50 1C and stored frozen (�20 1C) for further analysis on land.
POC was measured by gas chromatography with a CHN analyzer
(EURO EA Elemental Analyser). Before measurement the filters
were treated with 0.1 N HCl to remove inorganic carbonate.

2.4. RNA extraction

Total nucleic acids were extracted from 1.5 g (0�1 cm depth
layer) and 3 g (1–2 cm) of sediments as described previously (Stahl
et al., 1988), with the following modifications: the physical
disruption was carried out with a mixture of 0.4–0.6 mm glass
beads and 0.1 mm zirconium beads (1:4). Cells were disrupted by
bead beating in 4.175 ml lysis solution (1.5 ml buffer (50 mM
sodium acetate; 10 mM EDTA buffer (pH 5.1)); 2.5 ml phenol (pH
4.5); 175 ml 20% SDS) for two times 45 s at 6.5 ms�1 (Fastprep24,
MPBio). Total nucleic acids were precipitated over night at �20 1C
with ammonium acetate (3.75 M final concentration) and two
volumes isopropanol. The precipitate was washed with 80%
ethanol and resuspended in 150 ml DEPC-treated water. DNA was

removed by DNaseI (5 U/ml, EpiCentre) digestion according to the
manufacturer's recommendations. RNA was purified with the
RNeasy MiniKit (Qiagen) and eluted in 30 ml RNase-free water.
No contamination with genomic DNA could be observed as PCRs
with the RNA extract as template and the general primers GM3/
GM4 (Muyzer et al., 1995) targeting the bacterial 16S rRNA gene
were negative.

2.5. cDNA synthesis and massively parallel tag sequencing

Complementary DNA (cDNA) was synthesized from the RNA
extract using 25 ng/ml random hexamer primers, 4 U/ml M-MLV
Reverse Transcriptase RNase H Minus and 2 U/ml RNasin Plus
RNase Inhibitor (Promega) as previously described (Meyerdierks
et al., 2010). Bacterial 16S rRNA was amplified from the cDNA
templates by PCR using the primers GM3/907R (Muyzer et al.,
1995). Modification of the primers was as follows: 907R was
barcoded; both primers were extended at the 50 end with a SfiI
restriction site for ligation with the 454 adapters. For each sample,

Fig. 1. Geographic location of the sampling stations. The sampling stations were located on a transect along the Antarctic Polar Front. Station A81short and B86short (blue
colors) had a short exposure and station B141long, and C175long (green colors) had an extended exposure to bloom-derived material. The reference station R177 (red–brown)
was situated in shallow waters on the shelf. The color code for the sites has been used throughout the manuscript. The map was created using Ocean Data View version 4.6.0
(odv.awi.de).

Table 1
Study sites.

Station Sample
ID

Sampling
date

Lat. Long. Water
depth

Bloom
ID

Bloom
durationa

Time after
bloom
peaka,b

Max
Chlaa

Chlab Integr. POCb

1S 1E m d d [mg m�3] 0–100 m
depth

[mg l�1]

0–150 m
depth

[g m�2]

PS79/081-8 A81short 1/19/2012 52,011 10,011 3760 A �30 20 2–3 0.58 10.0
PS79/086-28 B86short 2/1/2012 51,987 �12,036 3969 B �100 10 �3 2.58 31.5
PS79/141-9 B141long 2/19/2012 51,268 �12,618 4114 B �100 30 �3 1.55 25.4
PS79/175-7 C175long 3/4/2012 50,784 �39,428 4154 C �100 50 44 0.67 13.2
PS79/177-3 R177 3/7/2012 53,815 �52,358 340 – – – max. 5 n.a. n.a.

n.a.: not analyzed.
POC: particulate organic carbon.

a Determined using MODIS satellite data.
b On sampling day.
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five replicate PCRs (20 ml volume) were carried out containing,
0.5 mM primer each, 250 mM dNTPs, 0.3 mg/ml BSA, 1� PCR buffer,
0.25 U Taq DNA Polymerase (5Prime, Germany) under the follow-
ing conditions: an initial denaturation at 95 1C for 5 min, followed
by 35 cycles of denaturation (95 1C, 1 min), annealing (48 1C,
1.5 min), elongation (72 1C, 3 min), and a final elongation step
(72 1C, 10 min). The replicate PCRs were pooled, PCR amplicons
extracted from an agarose gel and purified using the MiniElute
PCR Purification Kit (Qiagen) according to the manufacturer's
recommendations. Massive parallel tag sequencing of the ampli-
cons was carried out on a 454 Life Sciences GS FLX sequencer
(Roche, Basel, Switzerland) at the Sequencing Research Center,
Cologne, Germany. The sequence reads were submitted to a
rigorous quality control procedure using a mothur version 24
routine (Schloss et al., 2009) including trimming, quality filtering
of the reads and a chimera check using uchime (Edgar et al., 2011).
The reads were taxonomically assigned according to the ARB SILVA
taxonomy (Quast et al., 2013) implemented in mothur and clus-
tered at 98% ribosomal RNA sequence identity.

2.6. Analyses of community diversity

Sequence abundance tables that were obtained after the taxo-
nomic assignment were used to calculate inverse Simpson diversity
indices, Chao1 richness (Chao, 1984) and species rarefaction with
mother based on random subsampling of 2000 sequences per
sample. Bray–Curtis dissimilarities (Bray and Curtis, 1957) between
all samples were calculated and used for two-dimensional non-
metric multidimensional scaling (NMDS) ordinations with 20 ran-
dom starts (Kruskal, 1964). Stress values below 0.2 indicated that the
multidimensional dataset was well represented by the 2D ordination.
Analyses were carried out with the R statistical environment and the
packages vegan (Oksanen et al., 2012), ade4 (Dray and Dufour, 2007),
as well as with custom R scripts. Operational taxonomic units at 98%
sequence identity (OTU0.02) that occurred only once in the whole
dataset were termed absolute single sequence OTUs (SSOabs; Gobet et
al., 2012). OTU0.02 sequences that occurred only once in at least one
sample, but may occur more often in other samples were termed
relative single sequence OTUs (SSOrel; Gobet et al., 2012). SSOrel

comprise rare organisms that might become abundant when condi-
tions change.

2.7. Phylogenetic tree calculation

Phylogenetic analysis was done using the software package
ARB (Ludwig et al., 2004) based on the non-redundant ARB SILVA
database release 115 (July 2013; Quast et al., 2013). The Flavobac-
teriaceae 16S rRNA phylogenetic tree was calculated by neighbor-
joining and maximum-likelihood (RAxML and PhyML) analysis
with a filter considering only those positions that are conserved in
at least 50% of the selected sequences (1270 positions in total). For
tree calculation, only nearly full-length sequences were consid-
ered. Unstable branching orders are visualized as a multifurcation.
The NOR5/OM60 tree was calculated by PhyML analysis using 100
bootstrap replicates. For each NOR5/OM60 OTU retrieved from our
sediments, the longest sequence was selected as a representative
(minimum length 4300 bases, average 400–500 bases) and
added to the calculated bootstrap tree under parsimony criteria
without allowing changes in the overall tree topology (Peplies
et al., 2008). Bootstrap values cannot be shown for added partial
sequences.

2.8. Nucleotide sequence accession numbers

Pyrotag sequencing raw data have been stored in the sequence
read archive under SRA accession number SRP040789.

2.9. Catalyzed reporter deposition fluorescence in situ hybridization
(CARD-FISH) and cell enumeration

The formaldehyde-fixed sediment samples were diluted, ultra-
sonicated at 20% intensity, 20 cycles, 20 s (Bandelin, Sonopuls HD
200) and filtered on a 0.22 mm polycarbonate filter. Total microbial
cell numbers were determined using the nucleic acid stain DAPI
(1 mg/ml). CARD-FISH was performed as previously described (Ishii
et al., 2004) with the following modifications. For detection of
Archaea, cell walls were permeabilized with 0.5% SDS (Sigma,
Germany) for 10 min at room temperature. For detection of
Bacteria, Flavobacteria, and NOR5/OM60, cell walls were permea-
bilized with lysozyme (1000 kU/ml) for 45 min at 37 1C. Cells were
embedded in mounting medium and counted in 50–100 indepen-
dent microscopic fields of view using a Nikon Eclipse 50i epifluor-
escence microscope or a Zeiss Axioskop 2 MOT plus. A complete
list of probes used in this study is provided in the Supplementary
material (Table S1). Images were taken by confocal laser scanning
microscopy (LSM780, Zeiss).

3. Results

3.1. Description of the sampling sites, pelagic settling particles
and sediments

We investigated the top sediment layers (0–5 cm) of five
stations along the Antarctic Polar Front (Fig. 1 and Table 1). The
sediments collected at the abyssal stations (81–175) were
retrieved at a water depth between 3760 and 4154 m and had
different exposure times to bloom-derived particles at the time of
sampling. In the following we use a sample ID indicating the
bloom, station and exposure time to particulate organic carbon
(POC; e.g. A81short – A: bloom A; 81: station 81; short: short
exposure to POC). Station R177 was a shallow reference site
(340 m) located on the continental shelf. The upper layers of all
abyssal sediments were well oxygenated (Wolf-Gladrow, 2013).

Using Level-3 Aqua MODIS chlorophyll satellite images
(a combination of 3- and 8-days composite of 4 km resolution in
HDF format) from NASA GSFC (http://oceancolor.gsfc.nasa.gov), we
followed the surface phytoplankton development in 100 km2 grids
above each of the 5 stations from early December 2011 to early
April 2012. We observed a short phytoplankton bloom at site
A81short, which began in mid-December 2011, had peak values of
2–3 mg Chlam�3 and declined again to �1 mg Chla m�3 by mid
of January, giving similar values as the measured surface Chla
concentration at station 81 (Table 1). The Chla concentration in
this region remained constantly low during the rest of the cruise,
indicating a typical after-bloom situation with a developed zoo-
plankton community. Supporting this, we measured a relatively
low concentration of 10 g m�2 POC (integrated over the upper
150 m water column; Table 1) and observed large numbers of
diatom shells in both top sediment layers and even down to 5 cm
depth as well as fecal pellets produced by pelagic calanoid
copepods and euphasiids (Fig. S1). Drifting sediment traps
deployed at 300 m depth (01-21-2012) showed very high con-
tribution from similar fecal pellets to the total settling material.

In addition, we sampled sediments during (B86short, 02-01-2012)
and at the end (B141long, 02-19-2012) of a large-scale and extended
open ocean phytoplankton bloom which had peak values of
�3 mg Chlam�3 from mid-December until our first sampling in
early February. During February, the surface Chla values declined
to o1 mg m�3 and further to values o0.5 mg m�3 by the end of
March. At B86short the integrated POC concentration in the upper
150 m water column was high (32 g m�2, Table 1), but we did not
observe any clear differences between the two sediment layers,
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which both consisted of unidentified organic matter, possibly
heavily fragmented and degraded fecal pellets and broken, empty
diatoms, which indicate zooplankton grazing (Fig. S2). This sug-
gested that the major transport mechanism of POC to the sedi-
ments was in the form of fecal pellets. Three weeks later the
integrated concentration of POC had decreased to 25 g m�2

(Table 1) in the surface waters. The sediment layer 2 looked very
similar to the sediment collected three weeks earlier, while
sediment layer 1 differed by the presence of fresh looking copepod
and euphasiid fecal pellet fragments (Fig. S3). Additionally, we
found a larger number of diatoms at B141long as compared to
B86short, which suggested that a pulse of organic matter had
reached the seafloor. Between sampling of B86short and B141long
we followed the composition of settling material collected at
300 m water depth in daily intervals and observed a peak in fecal
pellet export between the 6th and 8th of February. This coincided
with a general decrease in Chla concentration estimated from
satellite images and suggested that a shift in the pelagic
food structure had occurred, seemingly caused by an increase in
zooplankton grazing and fecal pellet production. This shift may
have caused the rapid transport of material from the surface ocean
to the abyssal seafloor, which is supported by the presence of
fresh looking fragments of fecal pellets and autofluorescent cell
material.

Station C175long (03-04-2012), north of South Georgia, was
characterized by very high Chla concentrations observed in the
satellite images already from the beginning of December until
mid-January with values exceeding 4 mg Chlam�3. However, from
mid-January the Chla concentration started to decrease and
remained stable at around 1 mg Chlam�3 from the beginning of
February until our sampling in early March, when integrated POC
concentrations were relatively low at 13 g m�2 (Table 1). The
microscopic observations of the sediment samples showed that
layer 1 had more unidentified organic matter than layer 2 and
contained large diatoms, which suggests that some recent export
event must have taken place (Fig. S4). Diatoms were found in up to
3 cm sediment depth and again most of them were broken,
indicating a high degree of grazing by zooplankton and thus likely
export in the form of rapidly sinking fecal pellets (Fig. S5). We
observed autofluorescence signals in the organic fraction of the
surface sediment, suggesting a relatively fast transport from the
surface ocean to the 4150 m deep sediment. Drifting traps were
deployed at 300 m water depth (03-02-2012) and collected mate-
rial indicating that salps, large calanoid copepods and euphasiids
were producing fast sinking pellets at high rates. The sediment at
the reference site R177 contained almost no diatom shells, but
large amounts of fine organic matter. The surface Chla at this
coastal site had values between �5 mg m�3 in early December
2011 and�1 mg m�3 in mid-March.

3.2. Bacterial community structure

The main objective of this study was to unravel a possible
influence of a phytoplankton bloom on the benthic bacterial
community structure in Southern Atlantic ocean abyssal sedi-
ments. Thus, we were interested not in archiving the present
bacteria but in identifying the active members of the bacterial
community. As changes in the structure of a community become
more rapidly visible in the metatranscriptome than in the meta-
genome our target molecule was the 16S rRNA instead of its
corresponding gene. This approach allowed us not only to distin-
guish between active and inactive or dead and alive bacterial cells
but also prevented the detection of bacteria based on free DNA.

By 454 pyrosequencing we obtained 119,766 quality-controlled
partial 16S rRNA sequences after a rigorous bioinformatics routine.
The sequencing data presented here have not been used in a

quantitative way to identify dominant populations at the five sites
but, as RNA extraction, cDNA synthesis, PCR, and sequencing have
been done in parallel for all samples, relative sequence abundance
of specific bacterial clades have been used to identify shifts
between the sampling sites.

3.3. Diversity of active microbial communities in abyssal sediments

We analyzed the diversity of active microbial communities that
were present in the top two layers of the sediment (layer 1: 0–1 cm;
layer 2: 1–2 cm). Within the obtained 119,766 quality-controlled
16S rRNA sequences we identified 12,297 operational taxonomic
units at 98% sequence identity (OTU0.02). The final length of the
processed amplicons was homogeneous as both mean and median
length was 245 bp (range: 219–286 bp). On average we observed
2205 OTU0.02 per sample, of which 60% were absolute single
sequence OTUs (SSOabs) that occurred only once in the whole
dataset. In addition, each sample contained on average 60% relative
single sequence OTUs (SSOrel), which are OTUs that occur only once
in a given sample, but are more abundant in other samples (Gobet
et al., 2012). To compare the samples we subsampled the datasets to
correct for the unequal sampling effort. After subsampling, the
number of observed and estimated OTU0.02 was similar at all
stations with an average of 756 and 2202 OTU0.02, respectively.
Exceptions were layer 1 of the reference R177, which had a higher,
and layer 2 of C175long, which had a lower richness (Fig. 2; Fig. S6.
Table S2). The evenness (D) of the communities was calculated
using the Inverse Simpson diversity index. Evenness was high in
most of the cases ranging from 122 to 283, peaking at layer 1 of the
reference site, followed by layer 1 at A81short (D¼247). However,
layer 1 at station B141long (D¼51) and both top layers at station
C175long (D¼17 and D¼38), which were the sites with long
exposure to POC, had a much lower evenness (deviating more than
one standard deviation of the mean evenness; Fig. 2).

3.4. Bacterial community turnover

We visualized the community structure based on OTU0.02 using
non-metric multidimensional scaling. Both sediment layers at the
stations with short exposure to POC (A81short and B86short) were
very similar to each other, whereas the two sediment layers at
stations with long POC exposure (B141long and C175long) as well as
the coastal station R177 were very different (Fig. 3). Interestingly,
layer 1 of both stations with long exposure to phytoplankton was
very similar, although layer 2 of these stations showed major
differences, indicating that a shift towards similar active organ-
isms occurred in the topmost layer at both stations. On average,
the active communities shared 15% of OTU0.02 among each other,
ranging from as little as 4% to a maximum of 42% shared OTU0.02

between any two samples.

3.5. Bacterial community composition

To investigate which clades might be responsible for the
observed community shifts we looked at relative abundances of
partial 16S rRNA sequences. In total, we detected 42 bacterial
phyla in the ten investigated sediment layers and each sample
contained on average 2877 phyla. The twelve phyla that were
found at all sites and layers (Table S3) were also those with the
highest relative sequence abundances. Despite the diversity
among the rare phyla each site seemed to be greatly dominated
by Proteobacteria, which had an average relative sequence abun-
dance of 64711%.

The diversity at a finer phylogenetic resolution was unexpect-
edly high, since we found in total 365 clades on family level. The
40 most abundant clades (Fig. 4), encompass between 69% and
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82% of OTU0.02 of a given sample, the rest belonged to a large
number of rare clades. In general, the samples were very similar
concerning family-level clades, with the alphaproteobacterial
Rhodospirillaceae and Rhodobacteraceae and the gammaproteo-
bacterial NOR5/OM60 clade and Sinobacteraceae being the most
common. Within those families there were clades that were

ubiquitous, diverse and had high relative sequence abundances,
most notably related to the genera Pelagibius (Rhodospirillaceae)
(mean¼4.2%; SD¼2.3%; 274 OTU0.02) and Haliea/Congregibacter
(NOR5/OM60) (mean¼3.6%; SD¼1.1%; 90 OTU0.02; Fig. 5A) and to
a genus-level clade in some studies termed “Marine Benthic
Group” (Sinobacteraceae; mean¼4.3%; SD¼2.6%; 211 OTU0.02).
Within these clades the majority of reads belonged to a few
OTU0.02 that we found at all investigated sediments. Remarkably,
most sequences affiliated with NOR5/OM60 fell into a distinct
cluster that comprised only sequences from marine sediments,
indicating the presence of a specialized benthic community in
these abyssal ecosystems. However, despite the similarities there
were two conspicuous samples, which differed from the others
due to an increase of chloroplast (C175long, layer 1) or Flavobac-
teriaceae sequences (B141long, layer 1). The increase of Flavobac-
teriaceae sequences seemed to be mainly caused by one OTU0.02

related to the genus Psychroserpens, which went from less than
0.1% relative sequence abundance in layer 1 of B86short to 9.7% in
layer 1 at B141long. In addition, there was an increase of Ulvibacter
sp. sequences from 0.5% to 3.3% caused by two OTU0.02 and also
an increase of five unclassified Flavobacteriaceae OTU0.02 from
0.9% to 10% (Fig. S7). The peak in chloroplast sequences (station
C175long) was also caused by a single OTU0.02 which was respon-
sible for almost 25% of all ribosomal sequences that were found
at that site. This OTU was 98–99% similar to sequences of diatoms
of the genus Chaetoceros.

3.6. Abundance and distribution of microorganisms and key
bacterial clades

To visualize and quantify the microorganisms, we used CARD-
FISH and epifluorescence microscopy. The total microbial cell

Fig. 3. Non-metric multidimensional scaling of microbial community structure.
The ordination is based on the relative abundance of OTU0.02 (Bray–Curtis
dissimilarity). The values for shared OTU0.02 between sites are based on pre-
sence/absence (Jaccard dissimilarity) and show that overall the samples were quite
similar to each other.

Fig. 4. Relative sequence abundance of 16S rRNAs (in percent) and their phyloge-
netic affiliation, depicted at a resolution of family-level or lower, as classified by
ARB SILVA. An exception is NOR5/OM60 that we here show as a separate clade non-
conforming with SILVA taxonomy, where it is still assigned to Alteromonadaceae.
The clades are listed according to their average relative abundance across all
samples (first column). All the listed clades occurred in all samples except the
Cryomorphaceae which was missing in sample C175long_2. Clades that occurred at
an average relative abundance of less than 1% were summed up and listed as “Other”.
The number represents the amount of rare clades below 1% relative abundance in
the respective sample, a complete list of these clades is given in Table S4.

Fig. 2. Microbial diversity in Antarctic Polar Front sediments. Observed (A) and
estimated (B) bacterial OTU0.02 (operational taxonomic unit at 98% 16S rRNA
sequence identity) richness and Inverse Simpson diversity indices (C), of the two
top layers at each station based on subsampling of 2000 16S rRNA sequences. The
dashed line represents the mean over all samples and the gray area depicts one
standard deviation of the mean.
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numbers decreased with depth and were similar at all abyssal
stations being on average 6.871.1�108 cells ml�1 sediment
(layer 1), 6.470.6�108 cells ml�1 (layer 2), 4.670.5�
108 cells ml�1 (layer 3) and 370.6�108 cells ml�1 (layer 4, Fig.
S8). Detection with a general probe mix targeting most Bacteria
(probe EUB-338-I–III (Daims et al., 1999) was relatively low

compared to other surface sediments (Knittel et al., 2003; Ruff
et al., 2013) with 48710% (layer 1), 3478% (layer 2), 39719%
(layer 3) and 3977% (layer 4). The relative abundance of Archaea
(probe ARCH915;Stahl and Amann, 1991) in the abyssal sediments,
however, was unexpectedly high with 1271% (layer 1), 1674%
(layer 2), 1373% (layer 3) and 1474% (layer 4; Table S5).

Fig. 5. Diversity and distribution of Gammaproteobacteria of the NOR5/OM60 clade in Antarctic Polar Front sediments. Panel A, Phylogenetic tree showing the affiliation of
benthic NOR5 16S rRNA sequences to selected reference sequences of the Gammaproteobacteria. The tree was calculated with nearly full-length sequences (41400 bp) by
PhyML analysis using 100 bootstrap replicates in combination with a filter which considers only 50% conserved regions of the 16S rRNA of Gammaproteobacteria. Partial
sequences were subsequently inserted into the reconstructed consensus tree by parsimony criteria. Sequences from this study are in boldface type. Numbers given are:
station number: number of OTUs/numbers of sequences. Probe coverage of NOR5-730 is indicated. The bar represents 10% estimated sequence divergence. Panel B, Vertical
distribution of NOR5 as determined by CARD-FISH using probe NOR5-730. Panel C, Confocal laser scanning micrographs of NOR5 cells visualized by DAPI staining (blue) and
CARD-FISH with probe NOR5-730. Scale bar¼2 μm.
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The high relative sequence abundance of the gammaproteo-
bacterial clade NOR5 was supported by CARD-FISH using probe
NOR5-730. At all abyssal sites, NOR5 was detected at average
relative cell abundances of 872% (layer 1), 771% (layer 2), 672%
(layer 3) and 272% (layer 4, Fig. 5B). The cells detected with
NOR5-730 were mainly coccoid and of a large cell size with a
diameter of 1 to 2 mm (Fig. 5C).

The increase of Flavobacteriaceae-related sequences at B141long,
which was indicated by comparative sequence analysis, was
also supported by CARD-FISH counts. Here, we detected 0.8�
108 cells ml�1 sediment (15% of total cell counts) in layer 1 with
probe CF319a, targeting most members of the class Flavobacteria
(Manz et al., 1996) while only 0.4�108 cells ml�1 sediment (6%)
were found in layer 1 of B86short. Numerous flavobacterial cells
were attached to fecal pellets or other organic particles (Fig. S9),
others were free-living.

The shallow reference station was similar to the abyssal sites
concerning total cell counts, Bacteria, Archaea and NOR5 (Fig. S8
and Table S5).

4. Discussion

4.1. Export of phytoplankton bloom-derived particulate organic
carbon to the seafloor

The Antarctic Polar Front area of the Southern Atlantic Ocean is
a region of high primary productivity and characterized by a large,
but sporadic export of organic matter to the deep sea (Sachs et al.,
2009). It was shown that benthic foraminiferans contained large
amounts of fresh algal pigments at the sites influenced by bloom B
and C, suggesting a quick transport of algal biomass to the deep
sea (Cedhagen et al., 2014). We confirmed that bloom-derived POC
indeed reached the seafloor likely within a short period of days to
weeks by observing a pulse of organic matter in the form of fecal
pellets around February 7th in the area of bloom B. This was
further supported by finding fresh fecal pellets produced by
copepods, euphasiids and salps as well as fresh diatoms with
autofluorescent cell material and 16S rRNA sequences of chlor-
oplasts affiliated to the genus Chaetoceros at the seafloor below
bloom C. Especially the presence of intact 16S rRNA is a very strong
indicator for fresh, if not viable diatoms, as RNA molecules are
generally degraded quickly once the organism is metabolically
inactive or dead. Moreover, the presence of intact fecal pellets and
chloroplast rRNA at the seafloor provided evidence for a short
transport time of few weeks and suggested a strong benthic–
pelagic coupling due to the export of dense, fast-settling particles.
However, this area is influenced by strong currents, eddies and
meandering of the frontal system, which might cause lateral
transportation of the settling material.

All abyssal regions that we investigated seemed to be strongly
influenced by phytoplankton detritus, as we observed thick layers
of diatom ooze at each station. We found broken diatom shells and
fecal pellets at all stations and sediment layers, indicating a strong
influence of zooplankton grazing. However, at station B141long and
C175long, which had a long exposure to phytoplankton bloom-
derived POC, the top layer of sediment differed from the under-
lying layers, since we found intact copepod and euphasiid fecal
pellets (station B141long) and fast-settling salp fecal pellets, auto-
fluorescent cell material and large thick-shelled diatoms (station
C175long). Station C175long was in the area north of South Georgia,
which is typically characterized by high primary productivity and
a large export of biogenic carbon to the deep sea (Jones et al.,
2012; Korb et al., 2012). Often fecal pellets contain large amounts
of viable and autofluorescent phytoplankton, despite the passage
through the gut of a zooplankton organism (Jansen and Bathmann,

2007). Although, both physical and biological factors may decrease
sinking velocities (Iversen et al., 2010; Kindler et al., 2010;
MacIntyre et al., 1995), the presence of these fecal pellets might
explain the large amount of organic matter, strong chlorophyll
autofluorescence and high relative abundance of chloroplast
sequences in layer 1, but not in layer 2 of station C175long.

4.2. Active microbial communities in abyssal sediments of the
Southern Atlantic Ocean

Although the Antarctic Polar Front in the Atlantic sector is one
of the regions with high production and sedimentation in the
Southern Ocean, little is known about the benthic microbial
communities that make a living of the detritus. Here, we analyzed
for the first time the microbial communities that thrive in these
sediments using high-throughput sequencing of ribonucleic acid
and CARD-FISH. We treated all samples identically and simulta-
neously to minimize biases, hence although PCR-based results are
not quantitative the samples can be compared among each other
concerning relative sequence abundances. We sequenced the
16S rRNA molecule for the analysis of microbial diversity as it
degrades rapidly and thus can be used to infer active microbial
communities. The microbial communities generally showed a high
diversity and evenness and were very similar across large spatial
distances and different regimes in primary productivity (Longhurst
et al., 1995; Sachs et al., 2009). We found ubiquitous sequences of
bacterial clades, suggesting that there were benthic populations
that are common to these regions of the Southern Ocean and that
might be adapted to the environmental conditions and energy
sources. The most important clades were alphaproteobacterial
Rhodospirillaceae and Rhodobacteraceae as well as gammaproteo-
bacterial “Marine Benthic Group” (Sinobacteraceae) and NOR5/
OM60, the latter was confirmed by CARD-FISH as an abundant
clade in situ.

Although the shifts in the ubiquitous clades were not very
pronounced it seemed as if some organisms responded to the
input of fresh POC, for instance, NOR5, since their average relative
sequence abundance and also cell counts were highest at those
sites that were affected by a prolonged bloom situation. However,
we did not observe large differences in total cell numbers, which
indicated that the cells were either actively respiring the material
without causing cell division (Witte et al., 2003) or that grazing by
meio- and macrofauna in the sediment (Van Oevelen et al., 2006)
kept the cell numbers stable. Unfortunately, faunal densities were
only available for A81short and B86short (Brandt et al., 2014) where
they showed similar values, but not for the sediments that had
long exposures to bloom-derived material. It therefore remains
elusive whether the stability in microbial cell numbers was
accompanied by an increase in faunal biomass. In contrast,
incubation experiments showed that microbial communities do
respond to phytodetritus pulses by an increase in cell numbers
(Turley and Lochte, 1990). Hence the fate of POC in the seafloor still
remains largely unknown.

Proteobacteria, especially Gamma-, Delta-, and Alphaproteobac-
teria are very common members of the bacterial community in
coastal (Gobet et al., 2012; Wang et al., 2012) and deep-sea surface
sediments (Durbin and Teske, 2011; Liao et al., 2009; Schauer et al.,
2010). These clades seemed to be also dominant in the surface
sediments along the Antarctic Polar Front. Gammaproteobacteria
might be particularly important in Arctic (Bienhold et al., 2011;
Ravenschlag et al., 1999) and Antarctic sediments (Carr et al., 2013;
Jamieson et al., 2013), which is also indicated by our study.
However, the data on key clades in deep-sea sediments is becom-
ing sparser with increasing phylogenetic resolution. We have a
quite good understanding of bacterial clades at class level (Zinger
et al., 2011), whereas very little is known at family level or higher.
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Organisms affiliated with Sinobacteraceae were found in deep-sea
sediments of the central Pacific (Tully and Heidelberg, 2013) and of
Scandinavian fjords (Vandieken et al., 2012) and thus might be
common to marine sediments. Rhodobacteraceae include many
strictly aerobic and often pelagic clades, such as Roseobacter
(Buchan et al., 2005; Choi et al., 2007), but they are increasingly
found and isolated from coastal (Tian et al., 2009) and deep-sea
sediments (Lai et al., 2013; Wang et al., 2009), suggesting that this
family is important in many oxic marine realms. However, the
Rhodobacteraceae-affiliated organisms that were most abundant in
our sequencing dataset could not be classified, indicating that they
belonged to novel clades. Rhodospirillaceae-related organisms
were also isolated from deep-sea sediments (Lai et al., 2009),
however, the clade that seemed to be most abundant along the
Antarctic Polar Front, Pelagibius, was to our knowledge only
described in seawater samples (Choi et al., 2009). The clade
NOR5/OM60 contains Congregibacter litoralis, a marine aerobic,
anoxygenic phototroph (Fuchs et al., 2007) and seems to prefer-
ably occur in surface waters and coastal sediments with high
productivity (Lenk et al., 2011; Spring et al., 2013; Yan et al., 2009).
NOR5 sequences have also been repeatedly retrieved from diverse
Arctic and Antarctic habitats, e.g. pack ice (Brinkmeyer et al.,
2003), sediments (Hubert et al., 2009) and lakes (Glatz et al.,
2006). Although we found NOR5 sequences that were closely
related to sequences from pelagic samples, the majority clus-
tered among sequences that were retrieved from marine sedi-
ments (Hubert et al., 2009; Ruff et al., 2013) (Fig. 5). Deep-sea
NOR5 were viable and active as indicated by cell sizes that were
comparable to those at surface waters or coastal sediments (Yan
et al., 2009). We found NOR5 cell numbers in the abyssal
sediment that were at least two orders of magnitude higher
than those obtained from surface waters of a phytoplankton
bloom in that region (Thiele et al., 2012). Additionally, the
presence of high cell numbers in deeper sediment layers
suggested that NOR5 are indigenous organisms in these sedi-
ments and not just contaminations from surface waters. Our
findings indicate that NOR5 are not only relevant in highly
productive ocean margins or shelves (Yan et al., 2009), but also
in the deep sea of oceanic regions with high surface primary
productivity. Hence, they seem to occupy the same ecological
niche as their pelagic relatives. We are aware that a certain
fraction of the described abyssal populations may originate
from the water column, however the presented results strongly
support that these clades are adapted to this environment and
form persistent communities. In this respect it may even be
possible that the organisms originated from the surface, but
accumulated, proliferated and diversified in the sediment,
establishing a viable community.

4.3. Benthic community shifts likely caused by algal-derived organic
matter

Although we did not observe major shifts among the bacterial
populations that seemed to be ubiquitous and have a high relative
abundance, we found two remarkable shifts in the overall micro-
bial diversity. Both top layer sediments that were sampled in the
late stage of an extended bloom situation (B141long and C175long)
had a very low evenness, and were characterized by a high
relative sequence abundance of Flavobacteriaceae and chloroplasts,
respectively.

The former seemed to be caused by flavobacterial clades that
are common to the water column, such as Ulvibacter and Psychro-
serpens. Ulvibacterwas suggested to be involved in the degradation
of algal biomass after a phytoplankton bloom in the North Sea
(Teeling et al., 2012) and was found in surface waters of the
Southern Ocean (Thiele et al., 2012), whereas Psychroserpens was

found in marine biofilms (Kwon et al., 2006) and sea-ice
(Brinkmeyer et al., 2003). This indicated that these clades might
have been transported to the seafloor attached to fecal pellets or
diatoms. However, due to the distinct Psychroserpens sequences,
which clustered among clones from Pacific (Li et al., 1999) and
polar Arctic (Tian et al., 2009) deep-sea sediments (Fig. S7), as well
as due to the 100-fold increase of just one single OTU0.02 we
suppose that the Psychroserpens-related organisms were indigen-
ous clades. The same applies to the Ulvibacter-related sequences
that we retrieved. They clustered among an organism isolated
from the deep-sea and were distinct from the pelagic Ulvibacter,
hence are also likely indigenous. Moreover, the cell numbers of
Flavobacteria in the sediment were at least two orders of magni-
tude higher than those found in the water column of that region
(Thiele et al., 2012) using the same probe CF319a. These findings
together with the cell sizes and rRNA content strongly suggest that
the flavobacterial populations were viable.

The peak of chloroplast rRNAs was caused by one OTU0.02,
which was classified as Chaetoceros-related. This diatom genus is
typical for this region (Sachs et al., 2009), was observed during the
cruise in the water column and the settling material, as both
marine snow and fecal pellets, and blooms in Antarctic and Sub-
Antarctic waters close to coasts and continental shelves (Smetacek
and Naqvi, 2008) or areas with high iron input downstream of
land masses (Abelmann et al., 2006) like the region of station
C175long. It is known that upon grazing of phytoplankton by
zooplankton, chloroplasts can pass through the gut and be
excreted without being digested (Jansen and Bathmann, 2007),
and thus still contain active ribosomes and intact rRNA. Hence the
fast-settling salp fecal pellets that we only observed in the
sediment traps at that station might be a possible way of organic
matter export to the deep sea. However, another scenario was
proposed in which mass mortality and aggregate formation of
Chaetoceros spp. would cause a massive pulse to the deep sea in
that area (Smetacek et al., 2012), which could also explain the
intense peak that we observed. In any case, our results strongly
suggested that phytoplankton-derived organic matter and possibly
pelagic microorganisms were quickly transported to the deep sea
causing a community shift towards bacterial clades that seem to
be specialized in the degradation of algal detritus.

To investigate shifts in microbial community structure it would
have been ideal to include a reference sample that had not been
influenced by phytoplankton blooms. Unfortunately, in the austral
summer the entire Southern Ocean is influenced by blooms and in
winter sampling campaigns are very rare due to the harsh
conditions and ice cover. However, it is remarkable how similar
the benthic microbial communities are across a distance of over
4000 km (Figs. 2–5, S8, and Tables S2–S5). Thus, the observed
differences in sequence abundance and cell numbers of certain
clades may likely represent relevant shifts of indigenous benthic
microbial communities.

5. Conclusion

Comparative 16S rRNA sequence analysis and CARD-FISH indi-
cated a dominance of specific clades of Alpha- and Gammaproteo-
bacteria as well as Flavobacteria (periodically) in upper abyssal
sediments of oceanic provinces that show a strong benthic–pelagic
coupling. Among these benthic clades were many relatives of
organisms that degrade algal detritus in surface waters, such as
NOR5/OM60, hence Polar Front deep-sea sediments may represent a
niche for these organisms that was so far overlooked. The rapidly
transported phytoplankton-derived organic carbon seemed to fuel
diverse microbial communities, with local input causing changes in
community structure. Thus, the degradation of fresh algal biomass
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might be a major source of energy for benthic microbial communities
of vast areas of seafloor in high-latitude regions.
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