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Abstract

This study investigated the bacterial diversity associated with microbial mats of po-
lar deep-sea cold seeps. The mats are associated with high upward fluxes of sul-
fide produced by anaerobic oxidation of methane, and grow at temperatures close to
the freezing point of seawater. They ranged from small patches of 0.2-5m in diame-
ter (gray mats) to extensive fields covering up to 850 m? of seafloor (white mats) and
were formed by diverse sulfide-oxidizing bacteria differing in color and size. Overall,
both the dominant mat-forming thiotrophs as well as the associated bacterial commu-
nities inhabiting the mats differed in composition for each mat type as determined by
microscopy, 16S rRNA gene sequencing and Automated Ribosomal Intergenic Spacer
Analysis. While the smaller gray mats were associated with a highly diverse compo-
sition of sulfide oxidizers, the large white mats were composed of only 1-2 types of
gliding Beggiatoa filaments. Molecular analyses showed that most of the dominant
mat-forming sulfide oxidizers were phylogenetically different from, but still closely re-
lated to thiotrophs known from warmer ocean realms. The psychrophilic nature of
the polar mat-forming thiotrophs was tested by visual observation of active mats at in
situ temperature compared to their warming to >4 °C. The temperature range of mat
habitats and the variation of sulfide and oxygen fluxes appear to be the main factors
supporting the diversity of mat-forming thiotrophs in cold seeps at continental margins.

1 Introduction

At cold seeps, hydrocarbon-rich muds, brines or gases are transported from the sub-
surface to the seafloor and into the hydrosphere (Milkov, 2000; Dimitrov, 2002; Judd et
al., 2002; Hovland et al., 2005; Cathles et al., 2010). Anaerobic oxidation of methane
(AOM) coupled to sulfate reduction in near-surface sediments provides high fluxes of
sulfide to the seafloor (Boetius et al., 2000). Thiotrophic bacteria can exploit the chem-
ical energy from the oxidation of sulfide or sulfur with oxygen or nitrate for their cell
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metabolism and growth. At cold seeps they occur abundantly as symbionts of bivalves
and tube worms (Dubilier et al., 2008), and as free-living bacteria forming conspicuous
mats on the seafloor. These microbial mats can show different colors and shapes and
mark biogeochemical hotspots at cold seeps, often overlying gas hydrates or accumu-
lations of free gas (Larkin and Henk, 1996; Boetius and Suess, 2004; Joye et al., 2004;
Niemann et al., 2006; Omoregie et al., 2008; Grinke et al., 2011).

Mat-forming sulfide oxidizers of cold seeps can be found in the gammaproteobacte-
rial family Beggiatoaceae, including vacuolated, free-living filamentous bacteria like
“Candidatus Maribeggiatoa spp.” (Ahmad et al., 1999; Teske and Nelson, 2006;
nomenclature from Salman et al., 2011), vacuolated, attached filaments like “Candida-
tus Marithrix spp.” (Heijs et al., 2005; Griinke et al., 2011; nomenclature from Salman
et al., 2011), and vacuolated, free-living or attached Thiomargarita spp. (Kalanetra
et al., 2005; Bailey et al., 2011; Girnth et al., 2011). Further, the non-vacuolated,
aggregate-forming Thiobacterium spp. (Gammaproteobacteria; Griinke et al., 2010)
and free-living Arcobacter spp. (Epsilonproteobacteria; Omoregie et al., 2008; Grinke
et al., 2011) also form dense mats on the seafloor above gassy sediments. Several
morphological and physiological traits allow each of these bacteria to adapt to either
spatially or temporally varying availabilities of their electron donor (sulfide, elemental
sulfur) and acceptor (oxygen or nitrate). In this regard, fluid flow and oxygen or sul-
fide availability were found to be strong determinants for the distribution of mat-forming
sulfide oxidizers at seeps, in caves and other reduced environments (Bernard and
Fenchel, 1995; Preisler et al., 2007; Macalady et al., 2008; Grinke et al., 2011 and
references therein). In general, the ecological importance of thiotrophic mats lies in the
removal of toxic hydrogen sulfide and in the chemosynthetic production of biomass uti-
lized as food source by other organisms (Boetius and Suess, 2004; van Gaever et al.,
2006; Lavik et al., 2009; Lichtschlag et al., 2010). The thiotrophs couple the marine
carbon and sulfur cycles, but some can also influence the nitrogen and phosphorus
cycles, making them important biogeochemical drivers in reduced marine ecosystems
(McHatton et al., 1996; Sayama et al., 2005; Schulz and Schulz, 2005; Teske and
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Nelson, 2006; Lichtschlag et al., 2010; Brock and Schulz-Vogt, 2011).

Here, we studied two types of deep-sea thiotrophic mats of cold seep habitats that
occur at the Norwegian continental margin at temperatures permanently close to the
freezing point of seawater (-0.7 to 0.2°C). One specific aim was to investigate if the
macroscopic difference between the mats would be reflected in a different composition
of the main mat-forming thiotrophs as well as associated bacteria inhabiting the mats,
and if these differences would be explained by biogeochemical variations. Secondly, we
aimed at comparing the main types of mat-forming sulfide oxidizers to those previously
found at cold seeps of warmer continental margins, or other reduced habitats.

2 Materials and methods
2.1 Sampling

Samples for this study were recovered from 2006—2010 during four cruises (Supple-
mentary Table 1) at three main sites (Fig. 1a). Bacterial mats and underlying sediments
were retrieved with ROV-operated push cores (2006, 2007, 2009) or TV-guided mul-
tiple corers (2010). In addition, sediment samples outside the Storegga seep area
were also recovered with a multiple corer. The highly gassy sediment samples were
incubated close to in situ temperature (0—1°C) for 1-2 days before sub-sampling, to
allow bacterial mats and geochemical gradients to re-establish. The sub-sampling of
the mats as well as dissection of the sediment for further analyses was performed in
the ship’s laboratories. All sampling events are summarized in Supplementary Table 2.
Data have been deposited in PANGAEA (www.pangaea.de; doi: in progress).

2.2 Microscopy

Bacterial mats were analyzed by bright field and phase contrast microscopy aboard the
ship and documented by digital photography. A calibrated eyepiece micrometer or a
standardized object micrometer was used for estimating cell dimensions.
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2.3 Clone library construction, sequencing and phylogenetic analyses

Subsamples of mats were stored at —20°C, either without additives or preserved in
PCR-grade water (Sigma-Aldrich Biochemie GmbH, Hamburg, Germany) or 1 x TE
buffer (Promega Corporation, Madison, WI). Only mat samples taken from the first
three positions of a transect along a white mat at the HMMV (ARK-XXII/1b expedition)
were directly subjected to replicate polymerase chain reactions (PCR) onboard. Clone
library construction and 16S rRNA gene sequencing followed procedures previously
published by Girnth et al. (2011) and Griinke et al. (2011) with slight modifications.
Details are given as Supplementary Material.

2.4 Nucleotide sequence accession numbers

Sequence data have been submitted to the EMBL database under accession No.
FR847864-FR847887 (giant sulfur bacteria), No. FR827864 (Menez Gwen filament;
see Supplementary Material) and No. FR875365-FR877509 (except FR875905; re-
maining partial sequences). Part of the Storegga sequence data set has previously
been published under accession No. FN597297-FN597418 and No. FN663018-
FN663061 (Grinke et al., 2010).

2.5 Fluorescence in situ hybridization (FISH) experiments

Sediment samples were fixed in 4 % formaldehyde/seawater, washed twice with 1 x
phosphate-buffered saline (PBS; pH 7.2 to 7.4), and were stored at —20°C in a 1:1
mixture of PBS and ethanol until further processing. Catalyzed reporter deposition
FISH (CARD-FISH) was carried out with suitable dilutions of the fixed samples as pre-
viously described (Pernthaler et al., 2002; Ishii et al., 2004). Horseradish peroxidase
(HRP)-labeled probes (Biomers, Ulm, Germany) and hybridization details are given
in Supplementary Table 3. All cells were counterstained with the DNA-targeting flu-
orescent stain 4’,6-diamidino-2-phenylindole (DAPI). For each sample, a minimum of
30 grids randomly distributed across the filter were counted.
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2.6 Automated Ribosomal Intergenic Spacer Analysis (ARISA) and statistics

To investigate bacterial community patterns associated with the two different types
of mats, ARISA was conducted with several samples representing the upper layer
of seafloor (maximum depth 2.5 cm), thereby following a previously published proce-
dure with slight modifications (Ramette, 2009; for details see Supplementary Material).
Three PCR replicates were set up for each sample (except MSM16/2_863-1: only two
replicates). Merging of replicate profiles was achieved by considering only Operational
Taxonomic Units (OTUs) that occurred at least twice within the three PCR replicates
(Ramette, 2009). Non-metric multidimensional scaling (NMDS) plots and analysis of
similarity (ANOSIM) were conducted with the PAST software (Version 1.76; Hammer
et al., 2001).

2.7 Microsensor measurements

High-resolution geochemical gradients in the water column and sediment were mea-
sured in situ with a ROV-operated microprofiler unit as described in Treude et al. (2009).
Microsensors for sulfide, pH and oxygen (Revsbech and Ward, 1983; Jeroschewski et
al., 1996; de Beer et al., 1997), as well as a macro temperature sensor (Pt100; UST
Umweltsensortechnik GmbH, Geschwenda, Germany) were mounted on the profiler.
In addition, ex situ microprofiles were measured in retrieved push cores with a labo-
ratory set up as previously described (Grinke et al., 2010). Microsensor calibration,
measurements, profile analyses and calculation of fluxes were performed as previously
described by de Beer et al. (2006) and Lichtschlag et al. (2010). The microsensor po-
sitioning and data acquisition were performed using custom-made software (Micropro-
filer 2.9, Lubos Polerecky).
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2.8 Geochemical analyses

Sulfate reduction (SR) rates were determined ex situ by whole core injection
(Jorgensen, 1978). Onboard, incubation with 5—10 L carrier-free 35SOi'(dissoIved in
water, 50 kBq) was carried out in the dark and at in situ temperature for approx. 8—24 h.
Following incubation, sediment samples were preserved in 20 mL of 20 % (w/v) ZnAc
solution. SR rates were measured and calculated as previously described (Kallmeyer
et al., 2004; Felden et al., 2010).

Nitrate loss from the overlying water over time was measured in two different cores
recovered from Nyegga mats and for one reference site as previously described
(Lichtschlag et al., 2010). Background nitrate concentrations were determined in the
overlying water as 11 pmol L~ (PC-11), 7 pmol L~ (PC-32) and 10 pmol L™ (MTB2)
with the help of a chemiluminescence NOx analyzer (Thermo Environmental Instru-
ments, Franklin, MA) and based on reduction of NO, and NO, and re-oxidation of the
produced NO by ozone (Braman and Hendrix, 1989). Defined concentrations of nitrate
that were approx. 2-5 times higher than the ambient nitrate concentration were added
to the overlying water.

3 Results and discussion

The microbial mats investigated in this study were associated with three deep-sea cold
seep habitats, i.e. Storegga, Nyegga and the Hakon Mosby mud volcano (HMMV),
located at water depths between 720-1250 m at temperatures close to the freezing
point of seawater (—0.7 to 0.2°C). The Storegga and Nyegga seeps belong to an area
at the northern edge of the Storegga Slide, which is characterized by numerous fluid
escape structures (Bouriak et al., 2000; Nouzé et al., 2007). Here, subsurface gas
chimneys with a positive seafloor expression (Storegga chimneys) and pockmarks with
a negative seafloor expression (e.g. Nyegga pockmarks G11 and G12; Hovland et
al., 2005; Hovland and Svensen, 2006) were investigated. The distance between the
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two areas was 15-20 km. Approximately 900 km northeast of the Storegga Slide, the
Hakon Mosby mud volcano is located on the southwest Barents Sea slope. The HMMV
hosts a circular structure of chemosynthetic habitats associated with different levels of
fluid flow (e.g. de Beer et al., 2006; Niemann et al., 2006; Felden et al., 2010). A
large bacterial mat located in the southeastern part of the HMMV, covering an area of
approx. 850 m?, was chosen for extended sampling along a transect (2007).

3.1 Diversity and distribution of mat-forming thiotrophic bacteria of polar cold
seeps

Samples of two visually different mat types were recovered from the deep Norwegian
margin. Smaller gray mat patches of 0.2-5m in diameter (Fig. 1b—d) were found in all
three investigated areas, with a thickness ranging from few mm to several cm above the
sediment. In the Storegga and Nyegga area, the 0.2—0.5 m wide gray mats were often
surrounded by thin siboglinid tube worms and other megafauna (Fig. 1b, ¢). The HMMV
gray mats had a larger diameter of 1-5m and occurred in the transition zone between
high fluid upflow (center) and low fluid upflow (peripheral tube worm fields), but were
also found within the low-flow fields in small spots devoid of tube worms (Felden et al.,
2010). Some of the gray mat patches were partially overgrown by white mats at their
borders (Fig. 1d). Large white mats of 2—100 m in diameter occurred only at the HMMV
(Fig. 1e) and were 1-5mm thick. Surrounding the flat active center of the HMMYV in
a circular zone of 10-50 m width, they covered up to 11 % of the entire mud volcano
structure and were associated with gassy sediments and high fluid upflow (Felden et
al.,, 2010). Upon recovery, microscopic analyses revealed that the macroscopically
different mats were dominated by different types of sulfide-oxidizing bacteria.

3.1.1 Gray mat thiotrophs

Both macroscopic and microscopic observations revealed a highly vari-
able composition of mat-forming sulfide oxidizers forming gray mat patches
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(Supplementary Table 4): (i) Cotton-like, white elemental sulfur filaments that are
known to be excreted by Arcobacter spp. of the Epsilonproteobacteria (Sievert et
al., 2007; Omoregie et al., 2008) were observed. (ii) Grayish spherical gelatinous
mats were formed by Thiobacterium spp., i.e. small rod-shaped bacteria that store
grains of elemental sulfur internally (Grinke et al., 2010). Attached to these mats and
surrounding sediment were Beggiatoa spp.-like filaments (Fig. 2a), the latter frequently
occurring within different gray mat patches (Fig. 2c—e). (iii) Stiff white filaments
(Fig. 2b) attached to sediment and tube worms resembled “Candidatus Marithrix spp.”
(nomenclature from Salman et al., 2011). In addition, we observed (iv) transparent
filaments, (v) giant pigmented filaments (Fig. 2f), (vi) Thiomargarita spp.-resembling
cells (Fig. 2g) and (vii) dense aggregations of large sulfur-containing single cells of
unknown identity (Fig. 2h). Phylogenetic analyses of gray mat subsamples led to the
identification of several 16S rRNA gene sequences as associated with the family of
Beggiatoaceae (Fig. 3, Table 1). Closest relatives included “Candidatus Thiomargarita
nelsonii” and “Candidatus Thiopilula aggregata” from Namibia (Salman et al., 2011),
“Candidatus Marithrix sessilis” species found e.g. at vent-sites (Kalanetra and Nelson,
2010), uncultured bacteria from a sulfidic cave mat (Macalady et al., unpublished)
and iron-containing flocculent mat (Hodges and Olson, 2009), as well as Beggiatoa
species from a salt marsh (Nelson et al., 1982; Ahmad et al., 2006) and a hypersaline
lagoon (de Albuquerque et al., 2010).

3.1.2 White mat thiotrophs

Two types of filaments with a morphology characteristic of Beggiatoa spp. (Fig. 2i)
dominated the HMMV white mats in all samples analyzed between 2006 and 2010
(Supplementary Table 4). Here, we present the first molecular analyses targeting their
16S rRNA genes, which revealed the presence of two distinct phylogenetic groups
related to the family Beggiatoaceae. The first phylogenetic group showed close as-
sociation to sequences of filaments from Tokyo Bay (Kojima and Fukui, 2003; Fig. 3,
Table 1). The entire cluster of ten nearly full-length 16S rRNA gene sequences and
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two partial sequences differ, however, from the type strain (88.0 % sequence identity
with B. alba) and from any other generic cluster of the family (<93.9%). Seven se-
quences of the novel cluster share a sequence identity of 99.0-99.8 % with each other
and differ from the other three sequences by <98.9%. Sequence identities among
the latter three sequences were between 95.6 and 98.1%. For these reasons, we
propose a novel Candidatus genus for this monophyletic cluster, which is “Candidatus
Halobeggiatoa”, along with the Candidatus species “Candidatus Halobeggiatoa bore-
alis” for seven sequences of this cluster sharing >99.0 % sequence identity (Fig. 3).
The other sequences retrieved from this sampling site clustered with a marine (salt
marsh) Beggiatoa sp. MS-81-6 (Nelson et al., 1982; Ahmad et al., 2006), as well as
with the two Beggiatoa spp. Arauama | and Arauama Il from a hypersaline lagoon (de
Albuquerque et al., 2010; Fig. 3, Table 1). The two HMMV phylogenetic groups were
87.6—90.6 % identical to each other. Closest relatives occurred at temperatures above
10°C. In addition to the mat-forming Beggiatoa spp.-like filaments, several transparent
filaments were also detected in HMMV white mats. Their phylogenetic identity could
not be resolved.

3.2 Comparison of bacterial communities associated with the different
thiotrophic mats

Mat-forming sulfide oxidizers can act as efficient benthic filters against toxic hydrogen
sulfide (Lavik et al., 2009) and may provide high amounts of biomass (Lichtschlag et
al.,, 2010) and exudates as physical substrate or for nutrition (Bernard and Fenchel,
1995; van Dover et al., 2003; van Gaever et al., 2006). Accordingly, they may fit the
description of Levin and Dayton (2009) as “taxa that provide specialized habitats for
unique assemblages of species, creating seafloor biodiversity hotspots” and could be
considered as ecosystem engineers, such as corals in a coral reef, or clams in a clam
bed. Specific associations between sulfide-oxidizing bacteria and other types of bac-
teria have been observed before: Sulfate-reducing bacteria of the genus Desulfonema
are thought to attach themselves to the mucus sheaths of Thiomargarita (Schulz, 2006)
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or to inhabit those of Thioploca (Teske et al., 2009), another type of giant mat-forming
thiotroph of the family Beggiatoaceae. Thioploca spp. are also thought to host specific
bacterial communities on their sheaths (Kojima et al., 2006), or to form chemosymbi-
otic relationships with Anammox bacteria (Prokopenko et al., 2006).

To compare the bacterial community structure of the two mat types and to investigate
a potential role of mat-forming thiotrophs in shaping their associated bacterial diversity,
we used whole-cell counting (FISH), conventional clone libraries and the community
fingerprinting method ARISA. High proportions of Gamma-, Epsilon-, and Deltapro-
teobacteria were detected in both gray and white mats (Supplementary Table 5), a
situation that is typical for the bacterial community composition at sulfidic cold seeps
(Mills et al., 2004; Heijs et al., 2005; Omoregie et al., 2008, 2009; Grinke et al.,
2011; Roalkvam et al., 2011). Different types of methanotrophs (Table 2) and sulfate
reducers (Supplementary Material) were found to be associated with the contact sed-
iments underlying the two mat types, as previously observed (Niemann et al., 2006;
Losekann et al., 2007; Roalkvam et al., 2011).

Community fingerprinting of the bacterial mat communities by ARISA indicated that
the total number of OTUs was similar in all mat types, i.e. 130+ 20 OTUs for gray mats
(Storegga, Nyegga, HMMV) and 121+ 12 OTUs for white mats (HMMV), and appeared
slightly lowered compared to non-mat covered sediments with 166 £ 18 OTUs. Gray
and white mats shared approx. 60 % of their OTUs. However, when comparing bacte-
rial community structures by NMDS (Fig. 4), a clear separation of gray and white mat
bacterial community composition could be observed and was statistically confirmed by
significant ANOSIM (p < 0.001, Bonferroni-corrected). The percentage of shared OTUs
between the thiotroph-harboring communities and the non-seep sediment community
was only 41 %, and the percentage of overlap with non-mat covered seep sediment
communities was only 63 %, indicating that the gray and white mats host structurally
distinct bacterial communities. The specific association of distinct bacterial communi-
ties with the white or gray mats may be due to biological factors like specific interac-
tions with the mat-forming thiotrophs, biogeochemical factors like sulfide flux, and/or
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selective grazing by the highly abundant nematodes in the mats (van Gaever et al.,
2006). In the following, we focused on the effects of biogeochemical factors shaping
the thiotrophic community composition in the different mat types.

3.3 Biogeochemical processes in gray and white mats

The ecological niches of mat-forming sulfide oxidizers are influenced by the presence
and fluxes of their electron donor (sulfide) and acceptor (oxygen, nitrate), the spatial
and temporal dynamics of energy availability (Macalady et al., 2008; Girnth et al.,
2011; Grinke et al., 2011), and physical conditions (Macalady et al., 2008). When
comparing the biogeochemical characteristics of gray and white mat habitats of the
Norwegian margin, we found clear differences between the mats and a non-seep ref-
erence site, as well as between mat sites and seep habitats not covered by sulfide
oxidizers (Table 2). The high sulfide fluxes certainly explain why sulfide oxidizers are
specifically enriched at the investigated cold seep sites compared to the otherwise rel-
atively oligotrophic conditions of the deep Norwegian margin. They may also represent
the main cause for substantial differences in bacterial community structure between the
reference sites and mats (Fig. 4). However, comparing sulfide and total oxygen fluxes
between the different mat habitats, no major differences were detected (Table 2). A
clear distinction between white and gray mats was only identified in the vertical posi-
tions of oxygen and sulfide gradients (Fig. 5). Accordingly, the bacterial OTUs asso-
ciated with thiotrophic mats showed a considerable overlap (60 % shared OTUs) as
compared to non-seep reference sediment (41 % shared OTUs), but also differences
in bacterial community structures between the high flux HMMV gray mats, the low flux
Storegga and Nyegga gray mats and the white mats (Fig. 4).

In situ microprofiling of Nyegga gray mats revealed an overlap of oxygen and sulfide
as well as their consumption within the 1-50 mm thick mats (Fig. 5a). Oxygen con-
sumption rates were 7-9 times higher than in reference sediment, where sulfide was
absent (Fig. 5b). Overlapping oxygen-sulfide gradients have already been previously
reported for the HMMV gray mats (de Beer et al., 2006; Lichtschlag et al., 2010;
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Fig. 5¢), including complete and incomplete aerobic oxidation of sulfide as well as the
use of nitrate as alternative electron acceptor (Lichtschlag et al., 2010; Table 2). Fur-
thermore, the gray mats have mostly been observed in transition zones influenced by
fluctuations in gas and mud flow (de Beer et al., 2006; Felden et al., 2010). The
small and highly motile Arcobacter spp. as well as the large and oxygen-depletion
tolerant Thiomargarita spp. were found within the gray mats, and both types of sul-
fide oxidizers are thought to be pioneer colonizers of dynamic habitats (Schulz, 2006;
Sievert et al., 2007; Girnth et al., 2011). Marine mat-forming Arcobacter spp. can
tolerate sulfide concentrations of at least 1-2mM and are thought to proliferate well
in dynamic environments based on their motile behavior and the potential use of ex-
creted elemental sulfur filaments as structural component for maintaining a favorable
position in changing oxygen-sulfide gradients (Sievert et al., 2007; Omoregie et al.,
2008). As microaerophilic bacteria, marine mat-forming Arcobacter spp. need the
presence of oxygen (1-10 um; Sievert et al., 2007). In contrast, the giant sulfur bac-
terium Thiomargarita can survive periods of anoxia by using internally accumulated
nitrate (100—800 mM) as alternative electron acceptor for sulfide oxidation (Schulz et
al., 1999; Kalanetra et al., 2005; Schulz, 2006). Also, Thiomargarita spp. are tolerant
against high concentrations of sulfide (up to 19 mM; Schulz et al., 1999; Kalanetra et
al., 2005; Schulz, 2006; Girnth et al., 2011). As non-motile organisms, they seem to
rely on external mixing events to get into contact with their electron donor and acceptor
(Schulz, 2006; Girnth et al., 2011).

A comparison of the distributions of white mats at the HMMV between 2001 and
2009 showed that most of them remained stable in space and time (de Beer et al.,
2006; Niemann et al., 2006; Felden et al., 2010; Lichtschlag et al., 2010; this study).
The integrated SR rates under the HMMV white mats were less variable than the rates
measured in gray mats (Table 2, Supplementary Table 6). The spatial separation of
oxygen and sulfide by approx. 4mm (Fig. 5d; Lichtschlag et al., 2010) appears to
hold the main clue to the dominance of Beggiatoa species. Vacuolated, nitrate-storing
Beggiatoa spp. can bridge gaps between their preferred electron donor (sulfide) and
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acceptor (oxygen) by means of their gliding motility and the use of stored elemental sul-
fur and nitrate for metabolic activity (McHatton et al., 1996; Sayama et al., 2005). The
nitrate content of the HMMV filaments was 110 mmol L™ (Lichtschlag et al., 2010).
Under stable conditions, and by pushing the sulfide front deeper into the sediment
and away from oxygen (Nelson et al., 1986), Beggiatoa spp. may eventually outcom-
pete other thiotrophs in this habitat. However, Beggiatoa are known to feature phobic
responses against high concentrations of sulfide (>1 uM; Preisler et al., 2007) and
oxygen (Mgller et al., 1985), and were found to orient themselves in defined oxygen-
sulfide gradients (Nelson et al., 1986; Preisler et al., 2007; Girnth et al., 2011).This
may cause disadvantages in the gray mat habitat, and could explain why Beggiatoa
filaments were never able to dominate these dynamic habitats.

3.4 Indications for psychrophilic nature of polar thiotrophs

The direct and indirect effects of temperature on speciation and community composition
are already known from several types of bacteria (e.g. Urakawa et al., 2008; Adams
et al., 2010), protists (e.g. Darling et al., 2004), and plants (e.g. Jansson and Davies,
2008; Wang et al., 2009). The temperature ranges of mat-forming thiotrophs, though,
have not been systematically documented yet. Beggiatoa spp. may survive temporary
freezing of seawater (Dunker et al., 2010) and can be widely distributed within Arctic
fiord sediments at temperatures close to 0°C (Jgrgensen et al., 2010).

The cold seeps of the deep Norwegian margin represent one of the coldest habitats
(=0.7 to 0.2°C) from which the development of thick mats of thiotrophs has been re-
ported (Nelson et al., 1989; McHatton et al., 1996; Glud et al., 2004; Hovland et al.,
2005; Jorgensen et al., 2010; Lichtschlag et al., 2010; Pedersen et al., 2010; Lanzén
et al., 2011). By repeated observations of recovered gray and white mat samples, we
found clear evidence for psychrophily of the dominating thiotrophs (Table 3). The gray
mats remained intact approx. one week at ~0°C in the ship’s laboratory, but dissolved
immediately when exposed to higher temperatures, i.e. from —1° to 0°C incubations
to >8°C in the refrigerated lab. The white mats could be kept alive for >8 weeks at
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temperatures around 0°C as indicated by an intact mat structure and the presence of
viable, gliding Beggiatoa filaments. However, after transferring subsamples or whole
intact cores to >4 or 8°C, the mats rapidly disintegrated within one day. Even cultiva-
tion experiments in gradient media that were started with viable Beggiatoa filaments
showed an unusually fast and unexpected disintegration of the thiotrophs at 4°C (me-
dia as in Schwedt et al., 2012). Although these observations might not constitute final
proof for the psychrophily of polar mat-forming sulfide oxidizers, we believe our obser-
vations to present a remarkable finding of a highly narrow temperature range that may
be an important ecological and/or biological cue for these polar thiotrophs.

None of the sequences obtained in this study were related to the known Arctic Beg-
giatoaceae, i.e. “Candidatus Isobeggiatoa sp.”, from shallow-water Svalbard fjords
(Jorgensen et al., 2010; nomenclature from Salman et al., 2011; sequence identi-
ties 85.1-90.8 %) that have been found at 214 m water depth (Smeerenburgfjorden)
at a temperature of 0.4°C (Jorgensen et al., 2010) and 32 %. salinity (Arnosti, 2003).
Instead, most of the giant mat-forming sulfide oxidizers found here thriving at temper-
atures close to the freezing point, were highly related to, but still phylogenetically or
morphologically different from types previously found in temperate or warm aquatic
ecosystems (Fig. 3, Table 1). Overall, our observations suggest that temperature may
be an important factor in the diversification of mat-forming sulfur bacteria of the deep
sea, but also that polar microorganisms could be highly sensitive to warming of the
environment by a few degrees.

4 Summary

Gray and white thiotrophic mats associated with gas chimneys in the Storegga area,
complex pockmarks in the Nyegga area and the Hakon Mosby mud volcano were com-
pared regarding geochemical gradients and the mat-associated bacterial communi-
ties. Associated with rather dynamic conditions regarding gas and fluid flow, the gray
mats potentially provide a great variety of microenvironments and ecological niches.
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Overlapping gradients of sulfide and oxygen allowed diverse members of the family
Beggiatoaceae as well as of the genus Arcobacter to settle and use the energy pro-
vided by high sulfide fluxes from anaerobic oxidation of methane. In contrast, the stable
spatial separation of oxygen and sulfide in the white mats appeared to select for only
two types of Beggiatoa species. Only these giant thiotrophs can bridge this gap by
their gliding motility and the ability to accumulate large amounts of both electron donor
(sulfur) and acceptor (nitrate).

Most of the identified giant sulfide oxidizers were closely related to known mem-
bers of the Beggiatoaceae populating temperate and warm oceans. Yet, differences to
known types were found at the level of their 16S rRNA gene sequences (1-7 %) or in
their cell morphology, indicating that adaptation to temperature may be an important
factor in generating diversity for these thiotrophs. Furthermore, whole-cell hybridization
and high-throughput fingerprinting revealed that distinct bacterial communities were as-
sociated with the two mat types. These results suggest an important ecological impact
of thiotrophic mats on overall bacterial diversity in the deep sea.

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/9/3917/2012/
bgd-9-3917-2012-supplement.pdf.
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Table 1. Giant mat-forming sulfide oxidizers (family Beggiatoaceae) of the deep Norwegian
margin and their next relatives.

Clone/Species Geographic Habitat Depth Salinity  Temperature  Morphology 16S rRNA gene Reference
area (m) (%) ! sequence identity
“Candidatus off Norway cold seep 1250 ~34 -0.7 single spherical 98.6 % this study
Thiomargarita cells; 50 um diam. (421 positions)
sp” HMG-W810
“Candidatus off Namibia oMz 100-200 ~35° ~12 chains of Monteiro et al. (2006)*
Thiomargarita cylindrical cells; Salman et al. (2011)
nelsonii” NAM045 39-250 pm diam.
"Candidatus off Norway cold seep 720 ~35 ~0.2 supposedly single  98.9% this study
Thiopilula sp.” filaments; ~3 um (1472 positions)
ST-S116 diam.
"Candidatus off Namibia oMz 100-200 ~35° ~12 spherical, Monteiro et al. (2006)*
Thiopilula non-filamentous Salman et al. (2011)
aggregata” cells within mucus
NAMO84 matrix 16 um
diam.
"Candidatus off Norway cold seep 1250 ~34 -0.7 single filaments; 6~ 95.9-98.3 % this study
Halobeggiatoa 10 pm diam. (705 positions)
spp.” HMW
"Candidatus off Japan coastal 0.5 ND >10" single filaments; Kojima and Fukui (2003)
Halobeggiatoa sediment 10 pm diam. Yamada et al. (2007)*
sp.” Tokyo Bay C
"Candidatus off Japan coastal 10 ND >10" single filaments; Kojima and Fukui (2003)
Halobeggiatoa sediment 10 pm diam. Yamada et al. (2007)*
sp.” Tokyo Bay A
"Candidatus off Norway cold seep 720 ~35 ~0.2 single filaments; 99.0-99.1% this study
Marithrix sp. ~35um diam. (1388 positions)
" ST-E1935
"Candidatus off Azores hydrothermal 820-850 ~36 9 single filaments this study
Marithrix sp.” vent
Menez Gwen
"Candidatus off Washington, hydrothermal 2200 ~35 ND single filaments; Kalanetra and
Marithrix sessilis” USA vent 9-96 pm diam. Nelson (2010)
Juan de Fuca
uncultured off Norway cold seep 1250 ~34 -07 single filaments; 93.2-96.5% this study
Beggiatoa sp. 6-10 pm diam. (1495 positions)
HMW/G
Beggiatoa sp. off Brazil hypersaline <17 >50" 25° single filaments; Kijerfve et al. (1996)*
Arauama | lagoon 2.4-6.5 pm diam. de Albuquerque et
al. (2010)
Beggiatoa sp. off Brazil hypersaline <17 >50" 25° single filaments; Kijerfve et al. (1996)*
Arauama Il lagoon 2.4-6.5 pm diam. de Albuquerque et
al. (2010)
Beggiatoa sp. New England, salt marsh <2 ND ND single filaments; Nelson et al. (1982)
MS-81-6 USA 4.0-5.1 um diam. Ahmad et al. (2006)

diam. (cell diameter), OMZ (oxygen minimum zone), ND (no data)

2 This temperature refers to laboratory conditions under which the filaments were re-grown in natural sediment samples (de Albuquerque et al., 2010).
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Table 2. Summary of geochemical parameters characterizing thiotrophic mats in the Storegga
and Nyegga area and at the Hakon Mosby mud volcano.

Sampling site Measurement/Analysis Reference
Microprofiles® Nitrate uptake SR® dominating
DOU Sulfide flux mmolm2d™"  mmolm=2d~"' ANME population®
mmolm=2d~" mmolm=2d~"'
Storegga gray mats 4.2-35.2 5.0-10.1 0.3-70.7 ANME1 this study
(average: 15.6)  (average: 7.6) (average: 23.2)
Nyegga gray mats 13.8-17.8 4.2-12.3 4.4-73 25.3-201.9 ANME1 this study
(average: 15.8)  (average: 8.2) (average: 5.9) (average: 113.6) ANME2
Reference Storegga/Nyegga 2.0 (+0.1) 0 0.2 0" 0" this study
HMMV gray mats 34.7-59.4 17-1312 45% 9.5-108.3'2 ANME1® Felden et al. (2010)",
(average: 45.2)> (average: 74) (average: 48.4)  ANME3® Lichtschlag et al. (2010)?,
this study3
Next to HMMV gray mats 20.7-45.6 4.8 Lichtschlag et al. (2010)
(average: 35.2)
HMMV white mats 23.6-38.8 11.6% 1.5-1022 2.8-28.7"2 ANME1® Felden et al. (2010)",
(average: 33.7) (average: 11.8)  ANME3® Lichtschlag et al. (2010)?,

Next to HMMV white mats

8.6-9.9
(average: 9.2)

this study3

Lichtschlag et al. (2010)

DOU (Diffusive Oxygen Uptake), SR (Sulfate Reduction), ANME (ANaerobic MEthanotrophs), HMMV (Hakon Mosby
Mud Volcano). Superscript numbers refer to cited references. 0" (Station was oxic up to 10cm below the surface,

therefore SR rates and ANME abundances were not determined.)

For additional information see Supplementary

Material. ® Refers to in situ determined fluxes, except Storegga mats (ex situ). b Integrated SR rates were determined
ex situ for the upper 10cm of sediment. © Determined with Catalyzed Reporter Deposition Fluorescence In Situ

Hybridization (CARD-FISH).
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Table 3. Psychrophilic behavior of polar mat-forming thiotrophs.

Target area/  Analyzed push core Mat-dominating bacteria Tootom (C)  Tyiavle (C)  Tgeaa("C)
Mat type (year)
Storegga VKGD275/PC-1 (2006)  Arcobacter mats ~0.2 ~0 >8
gray mats sulfur-storing Beggiatoa spp.-like filaments
VKGD275/PC-2 (2006) Thiobacterium mats and cells ~0.2 ~0 >8
sulfur-storing Beggiatoa spp.-like filaments associated with
Thiobacterium mats and sediment
VKGD275/PC-11 (2006)  sulfur-storing filaments attached to worms and sediment ~0.2 ~0 >8
resembling Candidatus Marithrix spp.
Nyegga VKGD272/PC-11 (2006)  sulfur-storing filaments attached to worms ~0.2 ~0 >8
gray mats
VKGD272/PC-32 (2006)  sulfur-storing Beggiatoa spp.-like filaments ~0.2 ~0 >8
HMMV VKGD277/PC-8 (2006) unknown single cells (some pigmented) -0.7 ~0 >8
gray mats sulfur-storing Beggiatoa spp.-like filaments
HMMV VKGD276/PC-1 (2006)  1-2 types of sulfur-storing Beggiatoa spp.-like filaments -0.7 ~0 >8
white mats ~ VKGD276/PC-2 (2006)  1-2 types of sulfur-storing Beggiatoa spp.-like filaments -0.7 ~0 >8
VKGD276/PC-3 (2006)  1-2 types of sulfur-storing Beggiatoa spp.-like filaments -0.7 ~0 >8
MSM16/2_.863-1 (2010)  1-2 types of sulfur-storing Beggiatoa spp.-like filaments -0.7 ~0 >4

Thottom (DOttom water temperature), 7.0 (@ssessed by observations of an intact mat structure and, in the case of
filamentous bacteria, an intact filament structure and motility), 74.,q (temperature at which mats and cells disintegrated).
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Fig. 2. Mat-forming thiotrophs at deep-sea cold seeps on the Norwegian margin. (A) Filamentous, sulfur-storing
bacteria resembling Beggiatoa spp. at Storegga (cell diameter c.d. 3—4 pm). (B) Filamentous bacteria attached to
sediment and tube worms (Storegga), resembling so-called vacuolate-attached filaments, recently classified by Salman
et al. (2011) as “Candidatus Marithrix spp.” (c.d. 35 um). (C) Sulfur-storing filamentous bacteria at Nyegga resembling
Beggiatoatypes (c.d. 3um). (D, E) Different types of filamentous bacteria resembling Beggiatoa in Hakon Mosby mud
volcano (HMMV) gray mats (c.d. up to 10 um). (F) Unidentified, pigmented filaments (HMMV gray mats; c.d. 7 um). (G)
Single “Candidatus Thiomargarita sp.” with a cell diameter of 50 um (HMMV gray mats). (H) Unidentified single cells
(HMMV gray mats; c.d. up to 8um). (I) Two types of Beggiatoa spp.-like filaments observed within HMMV white mats
(“Candidatus Halobeggiatoa spp.” and uncultured Beggiatoa spp.; c.d. 6—10 pm).
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Fig. 3. Phylogenetic tree showing 16S rRNA gene sequences obtained within this study (indicated by bold type)
that affiliate with the family Beggiatoaceae. Taxonomic nomenclature was adapted from Salman et al. (2011). One
new genus, “Candidatus Halobeggiatoa borealis”, is proposed based on this study. Tree reconstruction was conducted
with 206 nearly full length sequences (Escherichia coli positions 279 to 1463) by applying neighbour joining, maximum
likelihood (RAXML) and maximum parsimony methods as well as different conservatory filters. Shorter sequences
were added subsequently by applying parsimony criteria. Only selected sequences are shown. Unstable branching
orders were visualized by multifurcation. The bar indicates 10 % estimated phylogenetic divergence.

Jaded uoissnasiq

3946


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/3917/2012/bgd-9-3917-2012-print.pdf
http://www.biogeosciences-discuss.net/9/3917/2012/bgd-9-3917-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

oReft
ARefZ
/_\\

A%

v

v N\
\"4 “‘A

A
\ N
y Belly N,

VStoregga gray mats VNyegga gray mats A non-mat seep sediment
AHMMY gray mats © HMMV white mats e non-seep sediment

Fig. 4. NMDS plot (based on a Bray-Curtis distance matrix) of ARISA-derived bacterial com-
munity profiles of the Storegga, Nyegga and Hakon Mosby mud volcano (HMMV) gray mats
as well as HMMV white mats. The stress value of the ordination was 0.095, indicating a good
representation of the original matrix into the reduced space. Non-seep associated sediment
(Ref1) was obtained in the vicinity of the Storegga/Nyegga area with a multiple corer (2006).
Non-mat covered seep references were obtained with push cores at the HMMV: Ref2 was re-
covered from the periphery (tube worm field) of the mud volcano (2009), while Ref3 was taken
approx. 10 m away from a white mat (2007).
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Fig. 5. High-resolution in situ microprofiles of oxygen (O,) and sulfide
(sulfidet°t=H28+HS'+82') recorded (A) on a Nyegga gray mat in the vicinity of pock-
mark G12, (B) on reference sediment between pockmark G11 and G12, (C) on a Hakon
Mosby mud volcano (HMMV) gray mat, and (D) on a HMMV white mat (C and D modified
from Lichtschlag et al., 2010). Oxygen and sulfide fluxes corresponding to the different profiles
are listed in Table 2.
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