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Abstract. We have examined the spatial and seasonal dis-
tribution of Thaumarchaeota in the water column and sedi-
ment of the southern North Sea using the specific intact polar
lipid (IPL) hexose-phosphohexose (HPH) crenarchaeol, as
well as thaumarchaeotal 16S rRNA gene abundances and ex-
pression. In the water column, a higher abundance of Thau-
marchaeota was observed in the winter season than in the
summer, which is in agreement with previous studies, but
this was not the case in the sediment where Thaumarchaeota
were most abundant in spring and summer. This observation
corresponds well with the idea that ammonia availability is
a key factor in thaumarchaeotal niche determination. In the
surface waters of the southern North Sea, we observed a spa-
tial variability in HPH crenarchaeol, thaumarchaeotal 16S
rRNA gene abundance and transcriptional activity that cor-
responded well with the different water masses present. In
bottom waters, a clear differentiation based on water masses
was not observed: instead, we suggest that observed differ-
ences in thaumarchaeotal abundance with depth may be re-
lated to resuspension from the sediment. This could be due to
suspension of benthic Thaumarchaeota to the water column
or due to delivery of e.g. resuspended sediment or ammo-
nium to the water column, which could be utilized by pelagic
Thaumarchaeota. This study has shown that the seasonality
of Thaumarchaeota in water and sediment is different and
highlights the importance of water masses, currents and sed-
imentary processes in determining the spatial abundance of
Thaumarchaeota in the southern North Sea.

1 Introduction

Nitrogen is an essential element for all life and in the ma-
rine environment is a key nutrient which can be a limiting
factor for primary production (Gruber, 2008). Our under-
standing of the marine nitrogen cycle has been enhanced
in recent years by new discoveries relating to the discov-
ery of ammonium-oxidizing Archaea (AOA) (Francis et al.,
2007: Konneke et al., 2005: Wuchter et al., 2006), recently
reclassified in the novel phylum Thaumarchaeota (Brochier-
Armanet et al., 2008). AOA oxidize ammonia aerobically to
nitrite, the first and rate-determining step of the nitrification
process. Their physiology, along with their high abundance
and global prevalence, make them biogeochemically impor-
tant microorganisms in the marine environment (Herndl et
al., 2005: Karner et al., 2001). As yet, their metabolism have
not been fully elucidated and there are various pieces of evi-
dence that Thaumarchaeota may be autotrophs, mixotrophs
or heterotrophs (Agogue et al., 2008: Alonso-Saez et al.,
2012: Hansman et al., 2009: Ingalls et al., 2006), which can
potentially use as a carbon source bicarbonate (Konneke et
al., 2005: Pearson et al., 2001: Pitcher et al., 2011b: Wuchter
et al.,, 2003), amino acids (Ouverney and Fuhrman, 2000:
Teira et al., 2004, 2006) and urea (Alonso-Saez et al., 2012).

A number of studies have shown that in coastal waters
there are higher numbers of Thaumarchaeota in winter than
in summer (Galand et al., 2010: Herfort et al., 2007: Wuchter
et al., 2006). These studies have proposed a number of en-
vironmental factors as causes for the Thaumarchaeotal sea-
sonality: competition with phytoplankton and/or bacteria for
ammonia, light, temperature and the concentration of the
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inorganic nutrients. Furthermore, the study of pelagic Thau-
marchaeota has revealed high levels of spatial variability,
which has been suggested to be associated with, alongside
those variables described above, the dissolved oxygen (DO)
concentration, the presence of organic substrates, salinity and
sulfide concentration (Agogue et al., 2008; Beman et al.,
2012; Coolen et al., 2007; Erguder et al., 2009; Francis et
al., 2007; Flerfort et al., 2007, Konneke et al., 2005; Park
et al., 2010). While the afore mentioned studies have con-
centrated on the spatial and temporal distribution of Thau-
marchacota in the water column, their activity, diversity and
physiology in marine sediments and the relationship between
these two settings is less well constrained. Suggested en-
vironmental controls of benthic thaumarchaeotal abundance
and activity in estuarine and marine sediments include the
presence of sulfide, salinity, DO levels, pH, the availability of
phosphorus, temperature and primary production (Bernhard
et al., 2010; Dang et al., 2013; Erguder et al., 2009; Mosier
and Francis, 2008; Sahan and Muyzer, 2008; Sakami, 2012).

A specific set of cell membrane-derived intact polar lipids
(IPLs) with glycerol dialkyl glycerol tetraecther (GDGT) core
structures, in particular crenarchaeol, have been utilized as
biomarkers for Thaumarchaeota in the natural environment
(Pitcher et al., 2011a, b) and have been described in sev-
eral thaumarchaeotal enrichment cultures (see Table 4 in
Schouten et al., 2013). Upon cell death the polar head groups
of IPLs are lost relatively quickly (White et al., 1979),
while the remaining core-lipids can be preserved over geo-
logical timescales (e.g. Jenkyns et al., 2012). The hexose-
phosphohexose (HPH) crenarchaeol (Schouten et al., 2008)
has been applied in several studies as a biomarker for living
or recently living Thaumarchaeota due to the relatively la-
bile nature of the phosphoester bond (Buckles et al., 2013;
Lengger et al.,, 2012; Pitcher et al., 2011a, b). For exam-
ple, Pitcher et al. (2011b) found that HPH crenarchaeol and
Thaumarchaeota abundance (based on 16S rRNA and am-
monia monooxygenase, amok gene quantification) in sus-
pended particulate matter in the North Sea correlated well,
validating this combined marker approach to assess the abun-
dance of living AOA. A similar observation was made by
Pitcher et al. (2011a) for AOA in the Arabian Sea oxygen
minimum zone.

Here we studied the seasonality and distribution of Thau-
marchaeota in the southern North Sea. The North Sea is a
continental shelf sea, semi-enclosed from the Atlantic Ocean
by the British Isles. Continental shelf seas are areas of key
importance in global biogeochemical cycles and are the part
of the global marine sphere most impacted by human activ-
ity (Gattuso et al., 1998). The southern North Sea (Fig. 1)
is shallow (50 m at maximum with some deeper exceptions)
and is bounded in the north by the shallow Dogger Bank,
characterized by sandy sediment, and in the east by the Dutch
coast which is also sandy and shallow. Between them there is
a depression known as the Oyster Grounds (Fig. 1) which is
a temporary deposition center for sediment (Van Raaphorst
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Fig. 1. Map of the southern North Sea showing the study site. Sta-
tions are labeled 1-7. Approximate bathometry at 30 m illustrated
with gray line and approximate area of the Frisian Front indicated
with hatched area. Adapted from map in Weston et al. (2008).

et al.,, 1998) and plays an important role in the carbon and ni-
trogen cycle in the region (Weston et al., 2008). At the south-
eastern edge ofthe Oyster Grounds there is an area called the
Frisian Front, a transition zone between the shallow Dutch
coast and the deeper Oyster Grounds (approximate area of
the Frisian Front indicated with hatched area in Fig. 1).
Here, particulate matter from the sandy Southern Bight is
sedimented resulting in organic-rich, muddy sediment which
supports high levels of benthic fauna (Creutzberg, 1986; Van
Raaphorst et al., 1992). Previous studies in the North Sea
mostly using core lipids and thaumarchaeotal 16S rRNA
gene abundance, found that Thaumarchaeota in the water
column were most abundant in winter (Herfort et al., 2007,
Pitcher et al.,, 2011b; Wuchter et al., 2006). Furthermore, it
was found that there was spatial variability in their distri-
bution in the southern North Sea (Herfort et al., 2007). We
investigated the seasonality and spatial distribution of Thau-
marchaeota in both the water column as well as sediments
in the southern North Sea using, in contrast to Herfort et
al. (2007), specific IPLs. To support our interpretations we
also determined thaumarchaeotal DNA abundances and di-
versity as well as transcriptional activity (gene expression,
RNA) at selected stations and seasons.

2 Material and methods

2.1 Sampling locations

Sampling was carried out during four cruises onboard the
R/V Pelagia’, in late November 2010, February 2011, May

2011 and August 2011. The cruises followed the Terschelling
transect and sampling occurred at seven stations, starting at
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the Dogger Bank, 235 km from the Dutch coast, and finished
approximately 5 km from the island of Terschelling (Fig. 1).
Three of the seven stations (1, 4 and 7) were sampled for
sediment characteristics, i.e. porewater, grain size and total
organic carbon (TOC).

2.2 Measurement of chemical and physical parameters

Temperature and salinity were measured using a Sea-Bird
SBEJ11+ conductivity-temperature-depth (CTD) system.
A rosette sampler containing 24 x 121, Niskin bottles was
attached to the CTD. Samples for sea water nutrient analysis
were taken from the Niskin bottles into polypropylene bot-
tles and ca. 5 mL samples were filtered over 0.45 pm 25 mm
Acrodisc HT Tuffryn Membrane syringe filters (Pall Corpo-
ration, Washington) into pre-rinsed pony vials. The samples
were sub-sampled in a 5 ml, polyethylene vial. Samples an-
alyzed onboard were stored dark at 4 °C and were analyzed
within 18 h on a QuAAtro autoanalyzer. Samples not ana-
lyzed onboard but at the NIOZ were stored at —18°C except
those for silicate analysis, which were stored at 4 °C. Porewa-
ter collection was carried out in a thermally controlled con-
tainer maintained at the water temperature measured by CTD
near to the sediment surface. Cores were collected with a
multicorer and sliced hydraulically. Porewater was extracted
from 25 mm sediment slices from 0 to 1cm depth by cen-
trifugation (approx. 4000 g, 5 min through a 0.45 pm 25 mm
Acrodisc HT Tuffryn Membrane syringe filter) and stored
in pre-rinsed pony vials. The standard deviation of samples
measured between different runs was POy 0.007 pM; NHy
0.013 pM; NO3+NO3 0.041 uM; and NO3 0.005 uM.

2.3 Intact polar lipid sample collection

Two McLane in situ pumps (MclLane Laboratories Inc.,
Falmouth) were used to collect suspended particulate mat-
ter (SPM) from the water column for IPL analysis. They
were deployed at two depths, near bottom (2-3 m above the
seafloor, hereafter called bottom water) and near the water
surface (2-3m below the surface, hereafter called surface
water). They pumped between 30 and 200 L with a cut-off
at a pre-programmed pressure threshold and the SPM was
collected on pre-ashed 0.7 pm GE/F filters (Pall Corporation,
Washington) and immediately frozen at —80 °C. Despite the
nominal pore size of the filters being larger than thaumar-
chaeotal cells (~ 0.2 pm; Kénneke et al., 2005), testing of the
sampling methodology found minimal loss of cells though
the filter, most probably due to clogging of pores with par-
ticulate matter in the turbid North Sea waters (Herfort et al.,
2007; Bale et al., unpub. results). Sediment was collected at
each station in 10 cm diameter, 60 cm length multicores or
push cores into boxcores. The cores were sliced into 1 cm
slices using the hydraulic slicer or a manual slicer and each
slice was stored separately in a geochemical bag and imme-
diately frozen at —80°C. Upon arrival in the laboratory, fil-
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ters and sediment samples for lipid analysis were stored at
—40°C until freeze drying and extraction. For this study we
analyzed the 01 cm (surface sediment) slice.

2.4 Intact polar lipid extraction and analysis

After freeze drying, sediment samples were homogenized
and GEF/F filters were cut into small pieces. The extrac-
tions were carried out using a modified Bligh Dyer extrac-
tion (Pitcher et al., 2011a). A known volume of single-phase
solvent mixture of methanol (MeOH) : dichloromethane
(DCM) : phosphate buffer (2:1:0.8, v:v:v) was added to
the sample in a glass centrifuge tube and placed in an ultra-
sonic bath for 10 min. The extract and residue were separated
by centrifuging at 1000 x g for 5min and the solvent mix-
ture collected in a separate flask, then this was repeated three
times. DCM and phosphate buffer were added to the single-
phase extract to give a new ratio of MeOH : DCM : phosphate
buffer (1:1:0.9, v:v:v), and to induce phase separation.
The extract was centrifuged at 1000 x g for 5min. The
DCM phase was collected in a round-bottom flask and the
MeOH : phosphate buffer phase was washed two additional
times with DCM. The combined DCM phases were re-
duced under rotary vacuum and evaporated to dryness un-
der a stream of Nz. Analysis was carried out as described
by Sturt et al. (2004) with modifications on an Agilent
(Palo-Alto, CA, USA) 1100 series L.C equipped with a ther-
mostated autoinjector, coupled to a Thermo TSQ Quantum
EM triple quadrupole mass spectrometer equipped with an
Ion Max source with ESI probe. Separation was achieved
on a LiChrospher diol column (250 x 2.1 mm, 5pm parti-
cles; Alltech) maintained at 30°C. For details of gradient,
source parameter optimization and ESI setting see Schouten
et al. (2008). The selected reaction monitoring (SRM) for
the crenarchaeol-based [PLs method has been previously de-
scribed (Pitcher et al., 2011a). As described in Pitcher et
al. (2011b) crenarchaeol-based IPLs were quantified as the
integrated [PL peak area response (response units, r.u.) per
liter or per gram of sediment.

2.5 Nucleic acid sample collection

Water samples (ca. 21) recovered from the CTD rosette
Niskin bottles were filtered onboard for DNA and RNA anal-
ysis through Sterivex" -GP filtering unit (0.22 pum pore size)
via a peristaltic pump (Millipore corporation, Billerica, MA).
The handling/filtering time was reduced to the minimum and
water samples were kept on ice during the filtration process.
Sterivex filters were preserved with 2ml. RNAprotect Bac-
teria Reagent (Qiagen Inc, Valencia, CA, USA) to prevent
RNA degradation and immediately stored at —20°C. Sedi-
ment top cores were sampled at the same time and under the
same conditions as for lipid analysis and stored at —80°C.
For this study we analyzed the 0-1cm (surface sediment)
slice.
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2.6 Nucleic acid (RNA and DNA) extraction

Sterivex filters were defrosted on ice and the RNAprotect
bacteria solution (Qiagen Inc, Valencia, CA, USA) was
ejected from the cartridge through an inlet with a syringe.
The Sterivex filter cartridge was cut open and the filter re-
moved from the cartridge and cut into small pieces with
a sterile razor blade. Filter sections were lysed by bead-
beating with 1 g of sterile 0.1 mm zirconium beads (Biospec,
Bartlesville, OK, USA) in 5mL cold RLT buffer (Qiagen)
plus 50 uLl. B-mercaptoethanol for 10 min. Clear lysate was
loaded in AllPrep DNA/RNA Mini kit (Qiagen) columns
following manufacturer’s instructions. DNA and RNA ex-
tracts were obtained with this kit. DNA and RNA from
sediment top cores were extracted by using DNA or RNA
PowerSoil®Total Isolation Kit, respectively (Mo Bio Lab-
oratories, Inc., Carlsbad, CA, USA). Nucleic acid concen-
trations were quantified spectrophotometrically (Nanodrop,
Thermo Scientific, Wilmington, DE, USA) and checked
by agarose gel electrophoresis for quality. Extracts were
kept frozen at —80°C. The RNA extracts were treated
with RNase-Free DNase (Turbo DNA-free”, Ambion Inc.,
Austin, TX, USA). RNA quality and concentration were esti-
mated by the Experion RNA StdSens Analysis Kit (Bio-Rad
Laboratories, Hercules, CA, USA). Potential DNA contami-
nation was checked by PCR using RNA as a template.

2.7 Reverse transcription (RT)-PCR

Reverse transcription (RT) was performed with an Enhanced
Avian First Strand synthesis kit (Sigma-Aldrich Co., St
Louis, MO, USA) as described previously (Holmes et al.,
2004) using random nonamers. Two negative controls lack-
ing reverse transcriptase or RNA were included. PCR reac-
tions were performed as described above to confirm the tran-
scription to ¢cDNA and the negative controls using the RT
reaction as a template.

2.8 PCR amplification and cloning

Amplification of archaeal 16S rRNA genes was performed
using the universal primer combination 21F/958R (De-
Long, 1992) followed by a nested reaction using the primer
Parch519F/Arc915R for general Archaea (Pitcher et al.,
2011a). PCR reaction mixture was the following (final con-
centration): Q-solution (PCR additive, Qiagen, Valencia, CA,
USA) 1 x; PCR buffer 1 x; BSA (200 pugmL~1); dNTPs
(20 pM); primers (0.2 pmol pL.=1); MgCl, (1.5mM); 1.25 U
Taq polymerase (Qiagen, Valencia, CA, USA). PCR con-
ditions for these amplifications were the following: 95 °C,
5min; 35 x [95°C, 1 min; Tm, 1 min; 72°C, 1 min]; final
extension 72°C, 5min. PCR products were gel purified (QI-
Aquick gel purification kit, Qiagen) and cloned in the TOPO-
TA Cloning®kit from Invitrogen (Carlsbad, CA, USA) and
transformed in Z. coli TOP10 cells following the manufac-
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turer’s recommendations. A 96-well plate/library of recom-
binant plasmidic DNA was sequenced using M13R (5’-CAG
GAA ACA GCT ATG AC-3’) primer by Macrogen Inc. (Am-
sterdam, the Netherlands).

2.9 Phylogenetic analysis

Sequences were analyzed for the presence of chimeras us-
ing the Bellerophon tool at the GreenGenes website (http:
/lgreengenes.lbl.gov/). The phylogenetic affiliation of the
partial archaeal 16S rDNA gene sequences were compared
to release 111 of the Silva SSU Ref database (http://www.
arb-silva.de/; Quast et al., 2013) using the ARB software
package (Ludwig et al., 2004). The partial sequences gener-
ated in this study were added to the reference tree supplied by
the Silva database using the ARB Parsimony tool. Sequences
were deposited in NCBI with the following accession num-
bers: KF361016-KF361310.

2.10 Quantitative PCR (qPCR) analysis

qPCR analyses were performed on a Bio-rad CEX96" Real-
Time System/C1000 thermal cycler equipped with CFX
Manager Software. The copy numbers of thaumarchaeal
16S rRNA gene were estimated by using the thaumarchaeo-
tal 1.1a group 16S rRNA gene primers MCGI-391F/MCGI-
554R (Coolen et al., 2007). All qPCR reactions were per-
formed in triplicate with standard curves from 10° to 107
molecules per microliter. Standard curves were generated as
described before (Pitcher et al., 2011a). Gene copies were
determined in triplicate on diluted DNA extract. The re-
action mixture (25pl) contained 1U of Pico Maxx high-
fidelity DNA polymerase (Stratagene, Agilent Technologies,
Santa Clara, CA, USA) 2.5puL of 10 x Pico Maxx PCR
buffer, 2.5uL. of 2.5 mmol L~! of each dANTP, 0.5 pL BSA
(20 mg mL~1), 0.02 pmol pL~! of primers, 10000 times di-
luted SYBR Green® (Invitrogen) (optimized concentration),
0.5 pL of 50 mmol L~! of MgCly and ultra-pure sterile water.
All reactions were performed in iCycler iQ" 96-well plates
(Bio-Rad, Hercules CA, USA) with optical tape (Bio-Rad).
OnepL of diluted environmental DNA was added to 24 uL.
of mix in each well. Specificity of the reaction was tested
with a gradient melting temperature assay. The cycling con-
ditions for the qPCR reaction were the following: 95°C,
4 min; 40-45 x [95°C, 30s; Tm (MCGI-391F/MCGI-554R
for Thaumarchaeota 16S rRNA gene; Tm 61 °C, efficiency =
90 %, R% = 0.955), 40s; 72°C, 30s|; final extension 80°C,
25s. Specificity for qPCR reaction was tested on agarose gel
electrophoresis and with a melting curve analysis (50-95 °C;
with a read every 0.5°C held for 1s between each read) in
order to identify unspecific PCR products such as primer
dimers or fragments with unexpected fragment lengths.
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3 Results
3.1 Physicochemical conditions

Water temperature varied from 4.6 to 18.3 °C and ther-
mal stratification was evident at stations 3 and 4 in May
and stations 2-4 in August (Table 1). The salinity for sta-
tions 1-6 was between 34 and 35 practical salinity units
(psu), while station 7, the most coastal station, had a salin-
ity that ranged between 30 and 32 psu. Ammonium concen-
trations in the surface water ranged from 0.04 to 5.2 pM and
were higher or similar to bottom water concentrations (Ta-
ble 1 and Fig. SI). Concentrations were seasonally highest
in November and spatially at station 7. The nitrite concen-
trations ranged from below the limit of detection (0.01 pM)
to 1.9 pM, with highest concentrations in November. Ni-
trate concentration ranged from below the limit of detec-
tion (0.08 pM) to 39 pM, with the highest concentrations in
February. The concentration of phosphate in the surface and
bottom water followed a similar trend as nitrate, although the
concentration was higher in August than May. Overall values
ranged between 0.03 and 0.71 pM.

The surface sediment from both station 1 and from sta-
tion 7 was composed mainly of fine and coarse sandy parti-
cles and was low in TOC (0.03 %) (Table 2). The surface sed-
iment at station 4 was muddy sand; it contained 30 % silt and
clay particles and a TOC content of 0.3 %. Ammonium con-
centrations in the pore water ranged between 2.3 and 14 pM
and were highest in February at station 1 and in August at
stations 4 and 7. Porewater nitrate was between 5 and 44 pM
and was also highest in February at station 1 (22pM), while
it peaked in May at station 4 (20 pM) and February at sta-
tion 7 (44 pM). Porewater nitrite was highest in August at all
three stations and ranged between 0.2 and 2pM. The con-
centration of phosphate in the porewater was quite constant
between stations and seasons, falling in the range 0.9-1.9 pM
with the exception of station 1 in August when it was 3.9 pM.

3.2 Hexose-phosphohexose crenarchaeol

Hexose-phosphohexose crenarchaeol (HPH) was detected
in all SPM samples as well as in the surface sediments.
In the surface water, the HPH abundance was elevated
(max. 3.2 x 10s response units (ru.) T-1) at stations 3-
6 in November and February (Fig. 2a), while in the bot-
tom water (Fig. 2b) it was highest at stations 4 and ¢
(max. 8.6 x IOs r.u. T-1), also in November and February. In
the surface sediment, the HPH abundance was always high-
est at station 6 except in May, when it was highest at station 5
and was generally highest in August and lowest in November

(Fig. 3).
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Fig. 2. The HPH crenarchaeol abundance along the sampling tran-
sect in (A) surface water and (B) bottom water.
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Fig. 3. The HPH crenarchaeol abundance along the sampling tran-
sect in the surface sediment.

3.3 Thaumarchaeotal 16S rRNA gene abundance and
transcriptional activity

Thaumarchaeotal 16S rRNA gene abundance (DNA) could
be measured in surface sediments (Fig. 4a) but was under the
limit of detection in the surface waters (Fig. 4b). Thaumar-
chaeotal 16S rRNA gene abundance (DNA) was at least two
orders of magnitude lower in sediment from station 1 in com-
parison with stations 4 and ¢. Thaumarchaeotal 16S rRNA
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Table 1. Chemical, biological, and physical properties of surface (S) and bottom (B) water of the southern North Sea.

Station 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7
Depth* B S‘ B S‘ B S‘ B S‘ B S‘ B S‘ M
Nov  Ammonium (uM) 1.00 0.84 2.69 1.51 | 1.04 1.04 | 0.77 0.55 | 0.14 0.12 098 1.21 | 5.24
2010  Nitrate (uM) 04 04 0.7 0.5 0.8 0.8 1.1 1.4 4.1 4.0 2.3 2.2 9.0
Nitrite (uM) 0.10 0.08 0.46 0.10 | 0.68 0.70 | 1.46 1.93 | 1.88 1.87 0.88 0.50 | 0.55
Phosphate (uM) 0.24 0.22 0.30 0.24 | 0.30 0.33 | 0.42 047 | 0.46 0.45 033 0.27 | 0.36
Silicate (uM) 0.1 0.1 2.6 2.6 3.3 3.4 44 4.3 4.9 4.8 2.8 2.2 8.1
Temperature (°C) 8.9 8.9 9.8 9.8 | 10.2 10.2 | 10.3 10.3 | 10.3 10.2 10.1 9.9 7.9
Salinity 34.6 34.6 34.7 347 | 34.6 34.6 | 345 345 | 344 344 346 346 | 31.7
Depth (m) 27 2 42 2 42 2 45 2 38 2 33 2 2
Feb Ammonium (M) 0.31 0.30 0.96 1.03 | 0.08 0.09 | 0.25 0.29 | 0.04 0.04 012 0.11 | 5.11
2011 Nitrate (uM) 3.7 3.7 3.0 2.8 5.4 5.4 6.2 6.1 7.4 7.4 8.7 8.7 | 39.0
Nitrite (uM) 0.19 0.19 0.22 0.23 | 0.04 0.04 | 0.84 1.01 | 0.29 0.25 011 0.11 | 1.12
Phosphate (uM) 0.38 0.39 0.34 0.32 | 0.48 0.48 | 0.42 041 | 0.49 0.50 0.58 0.57 | 0.71
Silicate (pM) 2.0 2.0 2.7 2.5 5.0 5.1 44 4.3 5.0 4.8 5.0 50 | 224
Temperature (°C) 5.2 5.2 4.6 4.6 5.5 5.5 5.0 5.0 5.1 5.1 5.0 5.0 4.9
Salinity 34.8 34.8 34.6 346 | 345 34.5 | 344 344 | 346 34.5 345 345 | 30.1
Depth (m) 24 2 39 2 41 2 43 2 37 2 32 2 2
May  Ammonium (uM) 0.15 0.08 0.09 0.09 | 0.17 0.10 | 0.87 0.34 | 0.32 0.28 084 0.55 | 2.25
2011 Nitrate (uM) >0.08 >008 | >0.08 =>0.08 1.0 >0.08 1.7 0.1 0.1 0.1 0.1 0.1 31
Nitrite (uM) 0.01 0.01 0.01 0.01 | 0.07 0.01 | 0.08 0.02 | 0.03 0.03 004 0.03 | 0.24
Phosphate (uM) 0.09 0.09 0.07 0.07 | 0.17 0.06 | 0.10 0.03 | 0.05 0.05 0.07 0.07 | 0.09
Silicate (uM) 04 04 1.6 1.5 1.7 0.5 2.3 0.8 1.4 1.4 1.4 1.1 1.1
Temperature (°C) 11.4 11.5 10.4 10.7 6.5 10.7 8.6 105 | 11.9 11.9 12.1 121 | 14.0
Salinity 34.9 34.8 34.7 34.7 | 345 34.6 | 343 344 | 344 34.5 346 345 | 32.2
Depth (m) 24 2 41 2 43 2 44 2 38 2 33 2 2
Aug  Ammonium (M) 0.10 0.12 0.37 011 | 1.34 0.08 | 0.94 0.08 | 0.52 0.07 1.36 052 | 0.26
2011 Nitrate (uM) >0.08 >0.08 0.3 =008 0.9 =008 02 =008 0.1 =008 | >0.08 0.1 0.1
Nitrite (uM) >0.01 >0.01 0.06 =>0.01 | 0.08 0.01 | 0.05 0.01 | 0.03 0.01 0.07 0.05 | 0.04
Phosphate (uM) 0.04 0.03 0.35 0.05 | 0.32 0.09 | 0.27 0.14 | 0.22 0.18 029 0.21 | 0.04
Silicate (uM) 1.0 0.9 6.2 0.5 5.7 1.5 3.6 2.1 3.2 3.0 3.5 45 0.4
Temperature (°C) 15.4 15.5 9.0 16.0 | 13.3 16.1 | 154 16.3 | 16.2 16.8 169 173 | 183
Salinity 34.7 34.7 34.6 34.8 | 34.8 34.8 | 34.7 347 | 34.6 34.5 344 344 | 31.7
Depth (m) 26 2 43 2 43 2 45 2 38 2 34 2 2

* B = Bottom, S = Surface, M = Mid

Table 2. Geochemical properties and pore water composition of surface sediment (0-1 cm) at three stations in the North Sea during different

seasomns.
Station 1 Station 4 ‘ Station 7

Nov Feb May Aug | Nov Feb May Aug ‘ Nov Feb May Aug
Ammonium (M) 29 74 23 45 |60 31 87 11482 62 102 145
Nitrate (M) 53 223 87 147 | 180 169 203 84 | 219 442 118 68
Nitrite (pM) 030 032 036 046 | 045 023 042 090 | 045 057 15 1.7
Phosphate (pM) 10 15 19 39 |14 15 17 14 |13 10 15 09
Silicate (M) 03 05 80 111 | 432 266 423 560 | 06 249 83 599
Median grain size (um)* 210 87 235
Silt and Clay (< 63 jm; %)* 0 29.8 0
Very fine sand (63-125 pm; %)* 6.4 48.0 0.9
Fine sand (125-250 pm; %)* 62.6 225 57.7
Medium sand (250-500 pm; %) 31.0 0 41.3
TOC (%) 0.03 0.3 0.03

* M. Le Guitton, personal communication, 2013.

gene abundance values were similar at stations 4 and 6 in
August, while in February values at station 6 were twofold
higher than at station 4. Expression of the thaumarchaeo-
tal 16S rRNA gene was analyzed using reverse transcrip-
tion (RT) followed by qPCR. In contrast to 16S rRNA gene
abundance, the thaumarchaeotal 16S rRNA gene transcripts
could be detected in the surface waters (Fig. 4b). Values for

Biogeosciences, 10, 7195-7206, 2013

station 4 in February were high (1.2 x 10® thaumarchaeo-
tal 16S rRNA transcripts L~1) in comparison to station 1
(2 x 10° copies L=1) and station 6 (under detection limit).
Thaumarchaeotal 16S rRNA gene transcript abundance in
August was relatively low both at stations 4 and 6 (average of
8 % 102 copies L_l), while it was not detected in the surface
water of station 1. In the surface sediment, thaumarchaeotal
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16S rRNA gene transcript abundance was low at station 1
both in August and February (average of 3 x 10* copies g~ 1),
while station 6 showed the highest values both in August and
February (average of 2 x 107 copiesg™).

3.4 Archaeal diversity

To determine which members of the Archaea community
were active, archaeal 16S rRNA genes were amplified and
cloned from RNA extracted from stations 4 and 6 (surface
water, February; surface sediment, August), which showed
high thaumarchaeotal 16S rRNA gene abundance (Table 3).
The recovered clones were mainly affiliated to the marine
Thaumarchaeota group 1.1a (also known as Marine Group
[; 42 to 94 %), and the group 1.2 (also known as C3, up
to 48 %) (Fig. S2). Only a minor percentage of sequences
were affiliated to other groups such as marine euryarchaeotal
group II and unclassified groups (less than 10%). The se-
quences attributed to Thaumarchaeota group 1.1a recovered
from the clone libraries were diverse and closely affiliated to
uncultured thaumarchaeotal 16S rRNA gene sequences pre-
viously detected in marine surface waters and marine sed-
iments (Fig. S3a-f). Thaumarchaeotal 16S rRNA gene se-
quences recovered from stations 4 and 6 in surface waters
(February) and surface sediments (August) were distributed
throughout the Marine Group I clade. Several arbitrary sub-
clusters (Fig. S3a-f) were defined based on grouping of the
sequences recovered in this study. Subclusters 2, 3 and 4 in-
cluded sequences amplified from both sediments and surface
waters at different stations and in different seasons, while
subclusters 1, 6 and 8 (included in the “Candidatus Nitrosop-
umilus” cluster) comprised sequences recovered only from
surface waters with independence of the station sampled. In
addition, subcluster 5 and 7 included sequences recovered
from sediments also with no differentiation according the
sampling station. Moreover, sequences from these subclus-
ters were also closely related to Marine Group I thaumar-
chaeotal 16S rRNA gene sequences previously recovered ei-
ther from surface waters or sediments.

4 Discussion
4.1 Seasonal variability of Thaumarchaeota

The seasonal variability in the surface waters, i.e. the higher
HPH crenarchaeol abundance in November/February relative
to May/August (Fig. 2a, b), is in agreement with findings
from previous studies which have reported the highest con-
centrations of water column Thaumarchaeota in the North
Sea in the winter months (Herfort et al., 2007; Pitcher et al.,
2011b; Wuchter et al., 2006). This seasonality has also been
observed in such diverse coastal environments as the north-
western Mediterranean Sea (Galand et al., 2010) and Antarc-
tica (Murray et al., 1998). The similarity of the seasonality
noted in the southern North Sea between this study and those
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of Herfort et al. (2007) and Wuchter et al. (2006), 7-8 yr pre-
viously, indicates that the seasonality in this region is a reg-
ular phenomenon. Herfort et al. (2007) proposed that for the
southern North Sea this seasonality is governed by the avail-
ability of ammonia. Indeed, AOA have been shown to have
a high affinity to ammonia (Martens-Habbena et al., 2009;
Stahl and de la Torre, 2012). In spring and summer, phyto-
plankton use up the available ammonium until their growth
is limited by nutrient availability. After their demise, due to
e.g. light limitation in the winter, there is less competition for
ammonium/ammonia as well as the remineralization of phy-
toplanktonic matter leading to ammonium release. While we
did not report the phytoplankton cell numbers or chlorophyll
a concentration in this study, spring and summer blooms in
the North Sea have been extensively described (e.g. Joint and
Pomroy, 1993). Spearman rank correlations between nitrite
and nitrate and the HPH crenarchaeol abundance were sig-
nificant and positive (p = 0.7 and 0.6 respectively, both P <
0.01). Nitrite is the product of the first step of the nitrifica-
tion process (ammonium oxidation as is carried out by thau-
marchaeotal ammonium-oxidizers) and nitrate is the product
of the second step (nitrite oxidation carried out by nitrite-
oxidizing bacteria such as Nitrobacter). Hence, as products
of the nitrification process, their concentrations do not pro-
vide information about the cause of thaumarchaeotal activ-
ity. The significant correlation between the concentration of
silicate and the HPH abundance (p = 0.5, P <0.01) is likely
due to the fact that both are at their highest when phytoplank-
ton numbers are low. Phosphate has been suggested to be one
of the variables which plays a role in determining the thau-
marchaeotal niches (Dang et al., 2013; Erguder et al., 2009),
but from our data it cannot be established whether the corre-
lation between phosphate and the HPH abundance (p = 0.6,
P <0.01) is, as in the case of silicate, an indirect correla-
tion or is a determining factor for the presence of Thaumar-
chaeota. The concentration of ammonium, which we surmise
does have an effect on the abundance of Thaumarchaeota,
exhibited the least strong, though still significant, correlation
with the HPH abundance (p = 0.4, P <0.01). However, for
a proper assessment of the relation between thaumarchaeo-
tal abundance and nutrients, rate measurements rather than
nutrient concentrations are needed (cf. Veuger et al., 2013).
In contrast to pelagic Thaumarchaeota, the abundance of
the benthic Thaumarchaeota, as indicated by the HPH cre-
narchaeol, in the surface sediment (0-1cm) was on aver-
age highest in the summer (August) and lowest in the win-
ter (November). This may be expected because deposition of
algal-bloom-derived organic matter onto the sediment takes
place in late spring and summer and this deposited organic
matter can be degraded, which results in the formation of
ammonia (Thamdrup and Dalsgaard, 2008). Differences in
pelagic and benthic Thaumarchaeota seasonality were sup-
ported by the thaumarchaeotal 16S rRNA gene transcrip-
tional activity, which was generally higher in the summer in
the surface sediments and higher in the winter in the surface
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Fig. 4. Thaumarchaeota 16S rRNA gene copies (A) in surface sediment (gwetweight 4) and (B) in surface water (L 4) from selected

stations in February (Feb) and August (Aug). Logarithmic scale was used. Detection limit of the analysis. 220 copies g-1 and 30 copies L-1.

Table 3. Composition (% of total clones sequenced) of archaeal 16S rRNA gene transcript clone libraries retrieved from stations 4 and 6 -

surface sediments from August 2010 and surface waters from February 2010.

Archaeal groups

Station 4

Total number of clones sequenced 61

Unclassified 6%
Euryarchaeota

Marine euryarchaeota group II 5%
Thaumarchaeota

Group 1.1a 87%
Group 1.2 (C3) 2%

Marine Benthic Group B

water. This also supports the fact that the thaumarchaeotal
biomarker HPH crenarchaeol is a good indicator of a living
and dynamic community of Thaumarchaeota in these marine
systems as it is correlated with the transcriptional activity.
The combination of IPL and genetic data in this and previ-
ous studies (Herfort et al., 2007; Pitcher et al., 2011a, b) has
provided a strong basis for the ecological study of marine
AOA in the southern North Sea. However, it should be noted
that there are examples from this study where the lipid and
genetic data do not always mirror each other. For example, in
February the HPH abundance in the surface water was almost
identical between stations 4 and ¢ (Fig. 2). However, while
the 16S rRNA gene expression was 1.2 x 108 copies L_1 at
station 4, it could not be detected at station 6. This indicates
that the HPH abundance at station ¢ in February may have
derived from dead or detrital thaumarchaeotal cells, a “fos-
sil” signal. A fossil IPL signal may also play arole in the sed-
iment: the higher levels of crenarchaeol IPLs at stations 2-6
may be due to the better preservation of organic matter in
fine-grained sediment (Lengger et al., 2012). These differ-
ences suggest that there are different preservation processes,
which play a role in the fate of IPLs and of nucleic acids.

Biogeosciences, 10, 7195-7206, 2013

Surface water - February

Sediment - August

Station 6 Station 4  Station 6
69 83 83
8% 8%
6% 3%
94% 71% 42%
18% 48%
2%

4.2 Spatial variability of Thaumarchaeota

The spatial variability in HPH abundance in surface water
is most evident in the November and February samples as
they contain a wider range of HPH abundances. For exam-
ple, stations 2 and 3 were less than 20 km apart, yet in both
November and February they exhibited a substantial differ-
ence in HPH abundance (Fig. 2a). This result is similar to
that of Herfort et al. (2007), who noted high levels of spatial
variability in crenarchaeol core lipids, which indicates that
the processes that control this spatial variability are a regu-
lar occurrence. In the present study, based on the February
and November surface water HPH abundance, the transect
can be divided into three sections: low at stations 1 and 2,
generally elevated at stations 3-6 and finally low at station 7.
This partitioning of the transect is comparable to the distri-
bution of the different water masses present in the southern
North Sea, which are particularly defined in the winter due
to factors such as tidal action and outflows of the Rhine,
Scheldt and Elbe rivers (Belkin et al., 2009). Several stud-
ies have described the shallow Dogger Bank region as an area
with biological characteristics different from the surrounding
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regions of the North Sea (Kroncke and Knust, 1995). The
water mass at the Dogger Bank has been described as hav-
ing high rates of winter primary production (Howarth et al.,
1993), which would potentially lead to higher levels of com-
petition with phytoplankton for ammonia than in the other
two sections of the transect. This may explain the low HPH
abundance at stations 1 and 2 (Fig. 2a) and their low thau-
marchaeotal 16S rRNA gene abundance and gene expression
relative to station 4 (Fig. 4). Between stations 6 and 7 lies
the Frisian Front (Belkin et al., 2009) between the central
North Sea water (CNSW) and the continental coastal water
(CCW), as is evident from the difference in salinity between
these two stations at all times of the year (Table 1). We ob-
served a distinct difference in the HPH abundance between
the CCW side of the front (station 7) and the CNSW side of
the front (stations 3, 4, 5, 6) (Fig. 2a). In contrast, van Duyl et
al. (1990) observed higher bacterial abundance on the CCW
side of the front than on the CNSW side (Van Duyl et al.,
1990).

Between stations 3, 4, 5 and 6 the HPH abundances in sur-
face water in November and February were relatively similar
(Fig. 2a), corroborating that the four stations belonged to a
single water mass. Phylogenetic analysis showed that differ-
ences between thaumarchaeotal 16S rRNA gene sequences
of stations 4 and 6 were minimal (Fig. S3a-f), which discards
the possibility of different thaumarchaeotal phylotypes in the
CNSW. The difference in HPH abundance between the sur-
face and bottom water in November and February (Fig. 2a, b)
is relevant as the water column was well mixed at these times
of the year (Table 1) and thus similar values would be ex-
pected. This difference could be due to resuspension of sedi-
ment, which has been shown to occur at stations 4 and 6 due
to tidal currents and the actions of storms (Jones et al., 1998;
Van Raaphorst et al., 1998). Furthermore, the high levels of
benthic macrofauna we observed at station 6 (near the Frisian
Front) and at station 4 (the Oyster Grounds) could have led
to increased resuspension at the site (Rowden et al., 1998).
This resuspension could deliver benthic Thaumarchaeota to
the water column or could supply substrate to enrich the wa-
ter column Thaumarchaeota. In fact, the possibility of trans-
ference of Thaumarchaeota diversity from the sediment to
the surface water is supported by the phylogenetic analysis
of thaumarchaeotal active diversity in the surface water and
sediments of stations 4 and 6 in February and August, in-
dicating that some thaumarchaeotal genotypes were found
indistinctly in both settings (Fig. S3a-f). Alternatively, the
increased bottom water Thaumarchaeota populations at sta-
tions 4 and 6 could be related to ammonium flux from the
sediment. The Frisian Front region, in the area of station 6,
has been shown in previous studies to be an area of notable
ammonium flux from the sediment to the water column (Ned-
well et al., 1993; Van Raaphorst et al., 1992). Furthermore,
the flux of ammonium from the sediment to the bottom wa-
ters would be higher in spring and summer, and accordingly
we observed that the bottom water HPH abundance was com-
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parable in May to that of November and February (although
this did not extend to the August samples). Similarly, Herfort
et al. (2007) observed increased concentrations of thaumar-
chaeotal core lipids, 16S rRNA gene abundance and thau-
marchaeotal cell counts in April and August at the Frisian
Front.

Spatial variability in the HPH abundance in the surface
sediment (Fig. 3) was not as pronounced as that observed in
the water column (Fig. 2a, b). However, station 6 did exhibit
the highest HPH abundance, as well as gene abundance, most
of the time compared to other stations. The high abundance
of Thaumarchaeota at station 6 could be related to its position
close to the Frisian Front. The Frisian Front is an area of high
sedimentary deposition relative to other areas of the southern
North Sea and is affected by deposition of particulate mat-
ter derived from the East Anglian turbidity plume (Eleveld et
al., 2008), as well as phytodetritus from the overlying highly
productive water column. It is the deposition of such organic
matter that likely starts the process of ammonification, which
would provide the ammonium to the porewater necessary for
sedimentary nitrification to occur (Thamdrup and Dalsgaard,
2008). The relationship between the deposition of organic
material and the level of benthic Thaumarchaeota is also ev-
ident at the opposite end of the abundance spectrum, at the
sandy stations, 1 and 7, where the HPH abundance was gen-
erally lowest (Fig. 2a, b), as was 16S rRNA gene abundances
of Thaumarchaeota (Fig. 4 and Table 3). Both stations had
low organic carbon contents (<0.05%) and large grain size
(Table 2), which indicates coarse sediment areas with little
organic matter deposition. Indeed the North Sea as a whole
has very few areas of permanent deposition due to high levels
of lateral particle transport (Eisma, 1981).

5 Conclusions

We have used a crenarchaeol intact polar lipid in combina-
tion with thaumarchaeotal 16S rRNA gene abundance to ex-
amine the distribution of Thaumarchaeota in the southern
North Sea. In the water column we found a higher abun-
dance of Thaumarchaeota in the winter season than in the
summer. This study was extended to the sediment, where we
found that Thaumarchaeota were more abundant in spring
and summer. This novel observation corresponds well with
the idea that ammonia availability is a key factor in thaumar-
chaeotal niche determination. Spatial variability in HPH cre-
narchaeol, thaumarchaeotal 16S rRNA gene abundance and
transcriptional activity was observed in the surface waters,
corresponding well with the different water masses present.
In bottom waters we observed differences in thaumarchaeo-
tal abundance to the surface, which may be related to suspen-
sion of benthic Thaumarchaeota to the water column or due
to delivery of e.g. resuspended sediment or ammonium to the
water column, which could be utilized by pelagic Thaumar-
chaeota.
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Supplementary material related to this article is
available online at http://www.biogeosciences.net/10/
7195/2013/bg-10-7195-2013-supplement.pdf.
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