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Nitrosopumilus as main source of
iIsoprenoid glycerol dialkyl glycerol
tetraether lipids in the central
Baltic Sea
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Christiane Hassenrlck?, Katja Kading®, Janine Wage-Recchioni?®!,
Klaus Jurgens®, Helge Wolfgang Arz! and Jérome Kaiser?

!Marine Geology, Leibniz Institute for Baltic Sea Research — Warnemuinde (IOW), Warnemduinde,
Germany, ?Institute of Earth Sciences, Heidelberg University, Heidelberg, Germany, *Biological
Oceanography, Leibniz Institute for Baltic Sea Research — Warnemuinde (IOW), WarnemUnde, Germany

Nitrososphaeria in the phylum Crenarchaeota, is a widespread archaeal class in
the oceanic realm, playing an important role in the marine carbon and nitrogen
cycle. Nitrososphaeria-derived membrane lipids, i.e., isoprenoid glycerol dialkyl
glycerol tetraethers (GDGTs), are commonly employed to reconstruct past water
temperatures using the TetraEther indeX of 86 carbon atoms (TEXge). This index is
of particular importance for the brackish Baltic Sea as to date it appears to be the
only applicable organic temperature proxy. In this study, we investigated the
distribution of intact and core GDGTs and their potential source organisms in the
water column of three deep basins located in the central Baltic Sea to evaluate the
application of TEXgs. A lipidomic approach on suspended particulate matter was
combined with the molecular techniques 16S rRNA gene amplicon sequencing
and CARD-FISH. The archaeal community was dominated by Nitrosopumilus
(~83-100% of the total archaeal sequences). As other detected taxa known to
produce GDGTs each represented less than 2% of the total archaeal sequences,
Nitrosopumilus is likely the most dominant GDGT producer in the central Baltic
Sea. However, the occurrence of phosphohexose (PH), instead of hexose-
phosphohexose (HPH) headgroups, suggested that Nitrosopumilus in the Baltic
Sea may differ physiologically from representatives of marine settings and other
marginal seas, such as the Black Sea. In the Baltic Sea, Nitrosopumilus is most
abundant in the suboxic zone, where intact cells peak according to both CARD-
FISH data and intact polar lipid concentrations. The presented data therefore
suggest that TEXgs reflects subsurface rather than surface temperature in the
central Baltic Sea.

KEYWORDS

Thaumarchaeota, Nitrososphaeria, intact and core GDGTs, TEX86, 16S rRNA,
CARD-FISH, suspended particulate matter

1. Introduction

Archaea, one of the three domains of life, are present in all environments worldwide. They
play an important role in the marine carbon and nitrogen cycle, especially Crenarchaeota which
represent up to 20% of all picoplankton cells in the world’s oceans (Karner et al., 2001;
Schattenhofer et al., 2009). All characterized Thaumarchaeota [now the class Nitrososphaeria
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(Rinke et al., 2021) in the phylum Crenarchaeota according to SILVA
release 138.1 (Quast et al, 2013)], are chemolithoautotrophic
ammonia-oxidizers, i.e., they gain energy by the oxidation of ammonia
to nitrite and form simple organic molecules by the fixation of CO,
(Stahl and de la Torre, 2012; Offre et al., 2013; Konneke et al., 2014).

Some representatives of Crenarchaeota and Euryarchaeota
biosynthesize isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs)
as membrane lipids (Schouten et al., 2012, 2013; Bauersachs et al,,
2015). The backbone of the GDGT structure is the core lipid, usually
consisting of 0 to 4 cyclopentane rings (abbreviated as GDGT-0,
GDGT-1, GDGT-2, GDGT-3 and GDGT-4). Nitrososphaeria further
produce a GDGT with an additional cyclohexane ring, known as
crenarchaeol (cren; Sinninghe Damsté et al.,, 2002). In the archaeal cell
membranes, these core GDGTs are connected via a phosphate ester
bond or a glycosidic ether bond to one or two polar headgroups to
form a diverse suite of intact polar lipids (IPLs; Sturt et al., 2004). Such
IPL-GDGTS represent biomarkers for living cells (Schouten et al.,
2010, 2012; Lengger et al., 2012) because they are prone to rapid
degradation after cell lysis and do not preserve well in the geological
record (Harvey et al., 1986; Schouten et al., 2010).

The Nitrososphaeria membrane lipid composition is strongly
affected by temperature. Increasing temperature enhances the amount
of cyclopentane rings in the GDGT structure (Wuchter et al., 2004;
Schouten et al., 2007a,b). This relationship is used to calculate the
TetraEther indeX of 86 carbon atoms (TEXge; Schouten et al., 2002) and
its derivatives to reconstruct past ocean water temperatures (Huguet
etal, 2006; Jonas et al., 2017). The TEXg, however, may be influenced
by factors other than temperature, such as, e.g., community composition
(Kim et al., 2016; Elling et al., 2017; Besseling et al., 2019; Sollai et al.,
2019; Rattanasriampaipong et al., 2022) and oxygen concentration (Qin
et al., 2015). In addition, archaea other than Nitrososphaeria such as
Thermococcales (class Thermococci) are able to produce GDGTs, and
it was suggested that the ability to synthesize tetraethers could have
been transferred to taxonomically related species (Tourte et al., 2020).
Furthermore, some species of Nitrososphaeria might be deep dwelling
and their GDGT composition might not indicate a sea surface
temperature (SST) signal but a mixed or even a subsurface temperature
signal (Taylor et al., 2013; Kim et al., 2015; Besseling et al., 2019). Thus,
it is of crucial importance to identify the potential sources and the
depth of GDGT origin in a given environment in order to apply the
TEX,, temperature proxy with confidence. Recent research showed that
TEXge-derived temperatures extracted from sediments of the central
Baltic Sea were best correlated with subsurface water temperatures
(Wittenborn et al., 2022) and not summer SSTs as previously suggested
(Kabel etal., 2012). In order to evaluate the application of the TEXg and
other GDGT-based indices for the Baltic Sea, measurements of
IPL-GDGTs and core GDGTs were conducted in conjunction with
molecular data analysis to explore the archaeal community composition
and origin of GDGTS in the Baltic Sea water column.

2. Materials and methods
2.1. Working area
The Baltic Sea is the world’s largest brackish inland sea (Snoeijs-

Leijonmalm and Andrén, 2017). Its average water depth is 55m, but it
contains multiple basins that are significantly deeper. These include,
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among others, the Faro Basin (205m), the East Gotland Basin (EGB;
250m) and the Landsort Deep (460 m; Figure 1) in the central Baltic
Sea. The deep basins are characterized by a strong stratification formed
by continuous freshwater discharge from the Baltic Sea drainage area
and occasional inflows of oxygen-rich, saline water from the North Sea
(Meier et al., 2006; Mohrholz et al., 2015). This situation results in
oxygen-rich brackish surface water and dense more saline bottom
waters. Both water masses are separated by a stable halocline located
at 50-80 water depth (Meier et al., 2006). The stratification leads to the
establishment of suboxic, anoxic, or even euxinic conditions as
dissolved oxygen is removed by the heterotrophic consumption of
organic matter (Cederwall and Elmgren, 1990; Diaz and Rosenberg,
2008; Carstensen et al., 2014). As a consequence, the water column of
the Baltic Sea contains strong salinity and oxygen gradients affecting
the vertical zonation of microbial communities (Labrenz et al., 2010;
Herlemann et al., 2011; Thureborn et al., 2013; Berg et al., 2015).

2.2. Sampling of the suspended particulate
matter

Field work was conducted during expedition EMB201 on board
R/V Elisabeth Mann Borgese in December 2018. Water temperature,
conductivity, oxygen concentration and turbidity were measured using
a SBE 911 CTD system (Seabird Electronics, United States). At three
stations (Landsort Deep, Far6 Basin and EGB; Figure 1), SPM samples
were collected at the surface, in the suboxic zone (O,<3pM;
Trouwborst et al., 2006), at the transition from the suboxic to the
euxinic zone and in the proximity of the seafloor. Surface water (4m
water depth) was sampled using the clean water pumping system of the
research vessel at all stations. Based on the oxygen concentration,
sampling depths in the suboxic zone were determined individually at
each site. The transition from the suboxic to the euxinic zone was
chosen under consideration of increasing turbidity, presumably
formed by the precipitation of colloidal sulfur particles (Schmale et al.,
2016; Holtermann et al., 2017). In the EGB, water of the suboxic and
euxinic zones were sampled with a pump-CTD (Strady et al., 2008). In
the Far6 Basin and Landsort Deep, water was sampled with Niskin
bottles and a giant water sampler (400L; Duinker and Schulz-Bull,
1999), respectively. The water was stored in 1000 L tanks for subsequent
filtration. The water was filtered with a flow rate of 1.3 to 1.5Lmin™" on
pre-ashed, 142-mm-diameter, 0.7 pm pore size glass microfiber GF/F
filters (Ahlstrom-Munksjo Germany), which were stored frozen at
—20°C for later GDGT analysis. The amount of filtered water ranged
between 150-600 L per sample. For DNA analysis, 1L of water was
filtered onto a 0.22 um pore-size polycarbonate filter (Millipore GVWP,
47mm diameter, Darmstadt, Germany), which was subsequently
frozen in liquid nitrogen and stored at —80°C until analysis. For
CARD-FISH analysis, 100mL of water was fixed with particle-free
formaldehyde (2% final concentration), incubated at 4°C for about 12h
before filtering onto 0.2 pm pore-size polycarbonate filters (Whatman
111106, 47 mm diameter) and stored at —80°C until analysis.

2.3. DNA-based analysis

DNA was extracted using the QIAmp DNA Mini Kit (Qiagen,
Hilden, Germany). The filters were cut into small pieces and placed in
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a 1mL microcentrifuge tube with 360 pL of buffer ATL. For all other
steps the manufacturer’s procedures were followed. The DNA samples
were sent to LGC Genomics GmbH (Berlin, Germany) for sequencing.
There, for library preparation the primers A519F (S-D-Arch-
0519-a-5-15) (5-CAGCMGCCGCGGTAA-3") and Bakt 805R
(S-D-Bact-0785-a-A-21) (5-GACTACHVGGGTATCTAATCC-3"),
covering the V4 region, were used (Klindworth et al., 2013). Sequences
were generated on an Illumina MiSeq in a 2x300 bp paired-endrun
using V3 Chemistry (Illumina). After demultiplexing and primer
clipping (performed by LGC Genomics), reads were further processed
in dada2 version 1.20.0 (Callahan et al., 2016) implemented in R
version 4.1.0 (R Core Team, 2021) to generate amplicon sequence
variants (ASVs). Prior to denoising, forward and reverse reads were
truncated to 140 and 200 bp, respectively, and filtered to a maximum
expected error rate of 1. For error learning a modified error estimation
function was used to avoid underestimation of error rates. Denoising,
and merging of denoised paired-end reads were conducted with
default settings, except that all reads were pooled for the denoising
step. Chimera removal was performed with removeBimeraDenovo()
using default settings. ASVs were taxonomically classified with
assignTaxonomy() against the SILVA ribosomal reference database
release 138.1 (Quast et al., 2013). ASVs present only once in the
dataset, those shorter and longer than 250 bp and 252 bp, respectively,
as well as those affiliated with eukaryotes and bacteria were removed
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from the data set. More details on amplicon sequence processing are
available on.!

To explore the phylogenetic relationships among Nitrosopumilus,
ASVs were placed in a phylogenetic tree reconstructed from full-
length 16S rRNA gene sequences from available genome assemblies
on NCBI refseq and genbank, and those extracted from metagenomic
data sets available from the water column of the Baltic Sea
(Supplementary Table S1). In total, 37 metagenomic data sets from
three metagenomic sequencing projects (ENA project accessions:
PRJEB22997, PRJEB34883, PRJNA273799) vyielded full-length
Nitrosopumilus 16S rRNA genes assembled with phyloFlash version
3.4 (Gruber-Vodicka et al., 2020). All sequences were then aligned
against the SILVA ribosomal reference database release 138.1 (Quast
et al.,, 2013) with SINA version 1.7.2 (Pruesse et al., 2012). After
manual curation of the alignment (Supplementary Table S1),
modeltest-ng version 0.1.7 (Darriba et al., 2020) and raxml-ng
version 1.1.0 (Kozlov et al., 2019) were used to predict the best
evolutionary model (TPM3+I+G4) and infer a maximum
likelihood tree with bootstrap support, respectively. Phylogenetic
placement of Nitrosopumilus ASVs was conducted with epa-ng

1 https://qgit.io-warnemuende.de/bio_inf/IOWseq000013
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version 0.3.8 (Barbera et al., 2019), retaining only one placement per
sequence. The final tree was visualized with iToL (Letunic and
Bork, 2021).

2.4. Cell quantification

Catalyzed reporter deposition-fluorescence in situ hybridisation
(CARD-FISH) was performed according to Pernthaler et al. (2002)
with the following modifications. Filters were embedded in 0.1%
agarose instead of 0.2% agarose. Before incubating the filters in the
lysozyme solution, they were incubated in 0.01 M HCI for 10 min and
washed in phosphate buffered saline (PBS) and Milli-Q water (MQ)
afterwards. After lysozyme incubation (10mgmL™ in 0.05M EDTA,
0.1 M Tris-HCI [pH 7.5]) for 60 min at 37°C, filters were washed in
PBS and MQ. The second digestion was performed with 0.1 M HCl for
1 min. Filters were washed both in MQ and ethanol (EtOH) and
air-dried before they were cut into pieces for hybridisation with the
oligonucleotide probe Cren537 (5-“TGACCACTTGAGGTGCTG-3';
targeting Crenarchaea; Teira et al., 2004). The hybridisation was
performed at 35°C for 15h in the presence of 35% formamide. The
filters were washed in the preheated (37°C) washing buffer (420 uL
5M NaCl, 500 uL 0.5M EDTA [pH 7.4], 1,000pL 1M Tris-HCI [pH
7.4], filled up to 50 mL with MQ, 50 pL SDS) for 20-30 min at 37°C
and incubated afterwards in PBST (500 pL 1 x PBS, 50 pL Triton
X-100) for 45 min at 37°C. To remove excess liquid the filters were
dabbed onto blotting paper before they were incubated in tyramide
solution (1 mL amplification buffer, 10 pL 0.15% H,O, [1,000 pL 1 x
PBS, 5uL 30% H,0,], 2 pL fluorescently labeled tyramide) for 30 min
at 37°C in the dark. Again, the filters were dabbed onto blotting paper
to remove excess water and incubated in PBST in the dark for 15min.
Then they were washed in MQ and EtOH in the dark and dried in the
dark before they were embedded in Vectashield mounting medium
(Vector Labs, Burlingame, CA, United States)
40,6-diamidin-2-phenylindol  (DAPI). For
epifluorescence microscopy (Zeiss Axioskop 2 mot plus, Oberkochen,
Germany) DAPI cells were counted on 0.001488 mm? at 100-fold
magnification, making up 300-700 DAPI-stained cells. Hybridized
cells were counted from 15 randomly selected microscopic fields
(0.01488 mm?).

containing
enumeration by

2.5. IPL-GDGT analysis

The filters were lyophilized and one third of each filter was used
for IPL-GDGT analysis. The filters were extracted using a modified
Bligh and Dyer procedure (Bligh and Dyer, 1959). Briefly, the filters
were extracted ultrasonically four times for 10min in a solvent
mixture of methanol (MeOH), dichloromethane (DCM) and
phosphate buffer (2:1:0.8; v:v:v). After each sonification step, the
supernatant was recovered by centrifugation at 1000 x g for 5min. The
combined supernatants were phase separated by adding DCM and
phosphate buffer to a final solvent ratio of 1:1:0.9 (v:v:v). The organic
phase, containing IPL-GDGTs, was collected and the aqueous phase
re-extracted three times with DCM. The bulk of the solvent was
removed under vacuum and the Bligh and Dyer extract dried under
a gentle stream of N,. Before analysis, the extract was re-dissolved in
a mixture of n-hexane:2-propanol:water (72:27:1; v:viv) to a
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concentration of 10mgmL™ and aliquots were filtered through
0.45 pm regenerated cellulose syringe filters (4 mm diameter).
IPL-GDGTs were analysed by high-performance liquid
chromatography coupled to tandem mass spectrometry (HPLC-MS?)
following previously established protocols (Schouten et al., 2008). For
this, an Alliance 2690 HPLC system (Waters, UK) coupled to a
Quattro LC triple quadrupole mass spectrometer (Micromass, UK)
was used. Separation of IPL-GDGTs was achieved using a
Phenomenex Luna NH, column (150 mm X 2 mm; 3 pm particle size)
maintained at 30°C. The following linear elution gradient was used
with a flow rate of 0.2mLmin™": 100% eluent A to 35% eluent A-65%
eluent B over 45 min, which was maintained for 20 min, and then back
to 100% eluent A for 20 min to re-equilibrate the column, where eluent
acid/14.8M NH,
(79:20:0.12:0.04; v:v:v:v) and eluent B=2-propanol/water/formic
acid/14.8M aqueous NH; (88:10:0.12:0.04; v:v:v:v). The mass
spectrometer was equipped with an electrospray ionization interface

A =n-hexane/2-propanol/formic aqueous

operated in positive ion mode. Source conditions were as described in
Baumann et al. (2018). A mass range from m/z 600 to 2000 was
monitored and IPL-GDGTs identified based on comparison with
previously published mass spectral characteristics (Schouten et al.,
2008; Sinninghe Damsté et al., 2012). The peak areas were determined
from extracted ion chromatograms of the [M +H]*, [M + NH4]* and
[M +Na]* for each individual IPL-GDGT species. As no standards
were available, IPL-GDGTs were examined in terms of their peak area
response. It should be noted that the relative abundance of the peak
area does not necessarily reflect the actual abundance of the different
IPL-GDGTs due to different ionization efficiencies.

2.6. Core GDGT analysis

Another third of the filters were extracted by ultrasonication
three times with MeOH, DCM/MeOH (1:1; v:v) and DCM. After
each extraction step, the samples were centrifuged, and the extracts
combined into a total lipid extract (TLE). Each TLE was spiked with
100 pL C4s GDGT (0.01 pg/pl) as internal standard. The TLEs were
separated into four fractions by column chromatography with silica
gel as solid phase and n-hexane, n-hexane/DCM (1:1; v:v), DCM
and DCM/MeOH (1:1; v:v) as respective eluents. The DCM/MeOH
fractions, containing the core GDGTs, were filtered with a 0.45pm
PTFE filter before being analysed by HPLC coupled to atmospheric
pressure chemical ionization mass spectrometry (APCI/MS) using
a ThermoScientific Dionex Ultimate 3000 UHPLC system coupled
to a ThermoScientific MSQ Plus as described in Kaiser and Arz
(2016) except for the following modification. After Hopmans et al.
(2016), separation of individual core GDGTs was achieved on two
UHPLC silica columns (BEH HILIC, 2.1 mm x 150 mm, 1.7 pm;
Waters) in series, fitted with a pre-column of the same material,
which were all maintained at 30°C. Using a flow rate of 0.2 mL min~},
the gradient of the mobile phase was first held isocratic for 25 min
with 82% solvent A (n-hexane) and 18% solvent B (n-hexane:2-
propanol, 9:1, v:v), followed by a linear gradient to 35% solvent B in
25min and a linear gradient to 100% solvent B in 30 min. Thereafter,
the column was re-equilibrated with 18% solvent B for 20 min.
Isoprenoid GDGTs were identified in selected ion monitoring (SIM)
mode as described in Hopmans et al. (2004) and Schouten et al.
(2007a,b).
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3. Results
3.1. Physicochemical conditions

In the Landsort Deep, the water was suboxic below 86m
(Figure 2). The oxygen concentration decreased irregularly probably
due to weak lateral inflows increasing the oxygen content in the
suboxic zone. The turbidity increased at 100m and marked the
transition to the euxinic zone. In the EGB, the suboxic zone was
located between 74-79 m and between 77-80 m in the Far6 Basin
(Figure 2).

3.2. Total microbial (DAPI) and
crenarchaeota (Cren537) cell counts

In the Landsort Deep, the total microbial cell concentration was
7.60 x 10° cells mL~" at the surface, 9.44 x 10° cells mL™! in the suboxic
zone and only 4.35 x 10° cells mL™" in the euxinic zone (Figure 2).
Total microbial cell abundances increased from the surface (6.68 and
4.90 x 10° cells mL™") toward the euxinic zone (1.04 and 1.05 x 10°
cells mL™") in both the Fird Basin and the EGB (Figure 2). The

10.3389/fmicb.2023.1216130

concentration of crenarchaeotal cells represented a low fraction of the
total prokaryotic community (3-4% at the surface; 7-15% at the
suboxic zone and 6-7% at the euxinic zone according to CARD-FISH
data). The concentration of crenarchaeotal cells was lowest in surface
waters (0.2-0.4 x 10° cells mL™"; Figure 2), except for the Landsort
Deep with lowest concentrations in the euxinic zone. It was highest in
the suboxic zone with values around 1.0-1.6 x 10° cells mL™" in the
Landsort Deep and the Fir6 Basin, and 0.7-0.9 x 10° cells mL™" in the
EGB. In the euxinic zone, the cell concentrations decreased again to
0.3-0.8 x 10° cells mL™" in the Landsort Deep and the Fir6 Basin. The
decrease in cell concentrations was less pronounced in the euxinic
zone (0.6 x 10° cells mL™") compared to the suboxic zone of the EGB.

3.3. Diversity of archaeal groups

In all basins and water depths, the class Nitrososphaeria,
represented solely by the genus Nitrosopumilus, dominated the
archaeal community at the surface (98-99% of all archaeal
sequences), in the suboxic zone (83-100%), and in the euxinic zone
(88-93%; Table 1). Woesarchaeales occurred mainly in the suboxic
and euxinic zones of the Landsort Deep (10-17%) and the Faro Basin

Landsort Deep Far6 Basin East Gotland Basin
Cells [10° cells mL™] Cells [10° cells mL™"] Cells [10° cells mL™]
0o 1 4 6 8 10 0o 1 4 6 8 10 0o 1 4 6 8 10
| | I I I | | Y O | |
0 3 I~ 0 7 I 0 3 =
20 E 20 _: 20 E
40 ] 40 -
60 - 407 60
— 80 3 — 80
E 80 - £ 60 : 3 E
£ 3 . £ 100
5 100 - £ g0 ] s 1
° 3 3 ] T 120
5 120 = i 5 ]
] 9]
© ] © 100 ] © 140 4
= 140 = J = ]
400 3 120 160 -
] ] 180 ]
1 140 ]
420 — ] 200
1 160 220 4 X +
440 1T 1T 1T 17T 1T T T"71 1T T 1T T T T T"1 1T T 1T T 1T T T
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Oxygen [pM] Oxygen [uM] Oxygen [uM]
11T 1T 1T T T F—r1T 17T 1T T T T [T T L
0O 04 08 12 16 2 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Turbidity [NTU] Turbidity [NTU] Turbidity [NTU]
Oxygen [uM] Turbidity [NTU] + DAPI X Cren537
FIGURE 2
Oxygen concentration, turbidity and microbial cells in water column profiles of the Landsort Deep, Fard Basin and East Gotland Basin. Total
40,6-diamidin-2-phenylindol (DAPI) and Nitrosospheria cell concentrations are shown. The grey horizontal bars highlight the suboxic zone at each
site.
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(4-7%), and in the euxinic zone of the EGB (9%). Marine Group II
archaea were found at the surface of the Landsort Deep and the Far6
Basin (1-2%) and in the suboxic zones of all basins (<1%).
Methanofastidiosales (class Thermococci) were present in the euxinic
zones of the Faro Basin and the EGB (<1%). Some reads of
Bathyarchaea occured in the EGB euxinic zone (<1%). Thus, the
CARD-FISH probe Cren537 presumably detected mainly
Nitrosopumilus in the samples.

3.4. Phylogenetic placement of Ca.
Nitrosopumilus

Reconstructing the phylogenetic relationships within the genus
Nitrosopumilus based on full length 16S sequences proved
inconclusive, as most branches displayed a very low bootstrap support.
This is probably because the 16S rRNA gene is not well-suited to
resolve the phylogeny below genus level for Nitrosopumilus, as has
been previously documented (Alves et al., 2018; Wang et al., 2021).

In turn, this made the phylogenetic placement of the detected
ASVs below genus level difficult. Only the cultured representatives of
N. maritimus and N. piranensis as well as Nitrosoarchaeum were
located on well supported branches (Figure 3). Our detected ASV's
were placed in an unresolved part of the phylogenetic tree containing
metagenome-reconstructed 16S data from the Baltic Sea and the
cultured representative of N. oxyclinae. The ASVs were either identical
or had at most one mismatch to reconstructed 16S sequences
originating from the Baltic Sea, whereas similarity to all described
cultured representatives, including N. maritimus, was lower (>2
mismatches; Supplementary Table S2).

3.5. Archaeal lipid abundance and
distribution

Core GDGTs included GDGT-0 to —3, crenarchaeol and its
isomer (cren’). The same suite of GDGTs was detected as IPLs with
monohexose (MH), dihexose (DH) and phosphohexose (PH)

10.3389/fmicb.2023.1216130

headgroups. Core GDGTs showed increasing concentrations from the
surface to the euxinic zones in all three basins (Figure 4). The
abundance of IPL-GDGTs increased from the surface water to the
suboxic zone and decreased again in the euxinic zones of the Landsort
Deep and the Faro Basin, whereas they increased in the euxinic zone
of the EGB. The highest abundances of PH-crenarchaeol and the
cumulative abundance of PH-GDGTs were found in the suboxic zone
(Figure 5), except for the EGB. The relative abundance of DH-GDGTs
and PH-GDGTs decreased with increasing depth (from 39 to 18% and
11 to 3%, respectively), while the relative abundance of MH-GDGTs
increased with depth (from 50 to 79%; Figure 6) in the Landsort Deep
and the Far6 Basin. The relative abundances of DH-GDGTs and
PH-GDGTs were lower in the EGB in comparison to the other two
basins and decreased also with depth (from 30 to 9% and 12 to 1%,
respectively). Thus, the percentage of MH-GDGTs was higher in the
EGB (58 to 89%), compared to the two other basins.

4. Discussion

4.1. Potential GDGT source organisms in
the Central Baltic Sea

The archaeal community composition of the central Baltic Sea
appears unique due to the dominance of Nitrosopumilus throughout
the water column. Although our data represent winter conditions in
the central Baltic Sea, the results are supported on a larger temporal
and spatial scale by data mining of metagenomes (Hugerth et al., 2015;
Alneberg et al., 2018, 2020), showing Nitrosopumilus as most prevalent
representative of Nitrososphaeria for different seasons and locations
of the Baltic Sea (Supplementary Figure S3). In contrast, the archaeal
distribution in the Black Sea water column, which is also characterized
by a pronounced oxycline and euxinic bottom waters, is more variable
(Sollai et al., 2019). The oxic zone is dominated by Ca.
Nitrosopelagicus, which we did not detect in the Baltic Sea. The
suboxic zone is dominated by N. maritimus, which is a species within
the genus Nitrosopumilus. Thus, the dominating genus is the same as
in the Baltic Sea suboxic zone. The euxinic zone is dominated by

TABLE 1 Archaeal community composition expressed as percentages of the total archaeal sequencing reads at different water depths of the Landsort
Deep, the Far6 Basin and the East Gotland Basin.

Landsort Deep Faré Basin East Gotland Basin

Class (water depth in m) (water depth in m) (water depth in m)
Altiarchaeota Altiarchaeia Altiarchaeales 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07
Asgardarchaeota Asgardarchaeota 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01
Crenarchaeota Bathyarchaeia 0.00 0.04 0.00 0.03 0.00 0.00 0.00 0.03 0.00 | 0.00 & 0.00 0.26
Tainarchaeota Tainarchaeia Tainarchaeales 0.00 0.34 0.22 0.27 0.00 0.00 0.00 0.45 0.00 0.00 0.00 1.30
Nanoarchaeota Nanoarchaeia Woesearchaeales 0.00 | 16.77 & 1455 1032 | 0.09 3,51 4.15 6.53 0.16 0.06 0.70 9.36
Crenarchaeota Nitrososphaeria | Nitrosopumilales 98.93 8273 | 85.12 | 89.28 | 98.12 | 96.42 | 9580 | 92.64 | 99.19 | 99.71 | 99.29 = 88.36
Euryarchaeota Thermococci Methanofastidiosales | 0.00 0.04 0.06 0.02 0.09 0.00 0.00 0.30 0.00 0.00 0.02 0.61
Thermoplasmatota = Thermoplasmata | Marine Group II 1.07 0.08 0.00 0.00 1.70 0.06 0.05 0.00 0.65 0.23 0.00 0.00
Thermoplasmatota | Thermoplasmata 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.03
Thermoplasmatota 0.00 0.00 0.06 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Unclassified taxa were left blank at the respective rank.

Frontiers in Microbiology

06 frontiersin.org


https://doi.org/10.3389/fmicb.2023.1216130
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wittenborn et al.

10.3389/fmicb.2023.1216130

K]
s

7e1.03: Nittosopumitus p [soi]
ref_02: Nitrososphaera sp.

ref_05: Nitrososphaera viennensis

FIGURE 3

well supported cluster of N. maritimus is marked in blue.

ackish water)
p. (brackis!
jpurnilus 7
ref_14: Nitroso!

Balt
itrosopumilus sp- (B2
ref_36: Nitrosopur r

35: Nitrosopumilus sp. [Baltic Sea]

ref_38: Nitrosopumilus sp. [Baltic Sea]

16S rRNA-based phylogenetic tree. The green dots mark the position of the Nitrosopumilus ASVs. The position of N. oxyclinae is highlighted in red. The

Thermoplasmatales, Bathyarchaeota and Woesarchaeales. All three
orders were also found in the Baltic Sea, but in lower proportions
(Table 1).

Nitrososphaeria, represented exclusively by Nitrosopumilus, is the
dominant archaeal class (82 to 100%) and it is therefore suggested to
be the main source of GDGTs in the central Baltic Sea. The high
abundance of IPL and core crenarchaeol (together with its isomer;
Figure 4), which is known to be produced exclusively by Crenarchaeota
(Schouten et al., 2008; Sinninghe Damsté et al., 2012), confirms its
dominance by the lipidomic approach. Other potential GDGT
producers, such as Methanofastidiosales or Thermoplasmata (phylum:
Thermoplasmatota, belonging formerly to the phylum Euryarchaeota;
Zeng et al., 2022), occurred only in very low proportions (<2%)
throughout the water column (Table 1). Therefore, they most likely do
not contribute significantly to the GDGT pool. Previous studies in the
central Baltic Sea (Labrenz et al., 2010; Thureborn et al., 2013) found
that Nitrososphaeria was most abundant at the redoxcline in the
deeper water column. However, due to the insufficient taxonomic
resolution, it is unclear whether these studies detected the same genus
as in the present study.

Woesearchaeales, which were found in the suboxic and euxinic
zones of all three basins, lack essential enzymes related to GDGT
membrane lipid biosynthesis (Villanueva et al., 2017), although one
protein required for the production of GDGTs has been identified
recently (Zeng et al., 2022). These microorganisms possess the ability
to recycle GDGTs from dead cells to compensate for their metabolic
deficiencies and build their cellular membranes (Lipsewers et al., 2018;
Liu et al,, 2018). Such recycled GDGTs cannot be detected in the core
GDGT pool of the water column as they are moved into the
IPL-GDGT pool conserving an IPL-GDGT signal produced by other
organisms potentially thriving at different depths. Thus, it appears
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unlikely that Woesarchaeales contribute significantly to GDGT
synthesis in the Baltic Sea.

4.2. Factors influencing the distribution of
IPL and core GDGTs in the central Baltic
Sea

Core GDGTs concentrations are generally increasing with depth
in all three basins (Figure 4). This is to be expected as core GDGTs
represent degradation products of IPL-GDGTs and accumulate
toward the bottom. In contrast, most IPL-GDGTs show highest
concentrations in the suboxic zones of the Landsort Deep and the Faro
Basin with the exception of MH-crenarchaeol (Figure 5). The latter
might be derived originally from hexose-phosphohexose (HPH)
crenarchaeol (Schouten et al,, 2012). As MH is the dominant
headgroup of IPL-GDGTs, its depth trend determines the general
trend of the summed IPL-crenarchaeol (Figure 5).

The dominance of Nitrosopumilus as principle GDGT source
allows evaluating how the distribution of IPL (and core) GDGTs is
influenced by parameters other than community composition. One
of these parameters is the variable degradation rate of IPL-GDGTs.
Ester phospholipids degrade under aerobic conditions 20 times faster
than glycosidic ether lipids (Harvey et al., 1986; Schouten et al,,
2010). Thus, phospholipids are deemed to be most appropriate
markers for living archaea, beside cell counting. For example,
HPH-GDGTs and to a lesser degree DH-crenarchaeol, common
phospholipids in environmental samples (Besseling et al., 2019; Sollai
et al., 2019), have been postulated to trace the abundance of active
ammonia-oxidizing archaea (Pitcher et al., 201la; Schouten
etal., 2012).
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FIGURE 4

Relative abundance of intact (IPL) and concentration of core GDGT-1, GDGT-2, GDGT-3, crenarchaeol and its isomer (cren’) in the water column of
the Landsort Deep, the Fard Basin and the East Gotland Basin. The grey horizontal bars highlight the suboxic zone at each site.

Surprisingly, HPH-GDGTs were not found in the water column
of the central Baltic Sea. Instead, PH-GDGTs were found with
maximum abundances in the suboxic zone, in agreement with
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observations based on cell abundances (Figure 5). PH-GDGTs were
reported until now only in culture experiments (Schouten et al., 2008;
Elling et al., 2017). Those studies showed that the suite of IPL-GDGTs
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FIGURE 5
Concentrations of Nitrososphaeria cells compared to the relative abundance of phosphohexose (PH) crenarchaeol, the sum of PH GDGTs, dihexose
(DH) and monohoexose (MH) crenarchaeol, and the sum of PH, DH and MH crenarchaeol in the water column of the Landsort Deep, the Fard Basin
and the East Gotland Basin. The grey horizontal bars highlight the suboxic zone at each site.

varied among crenarchaeal strains. For example, PH-GDGT 0-4
occurred exclusively in Group 1.1a, the Nitrosopumilus lineage, while
HPH-GDGTs were abundant only in some strains of marine
Group 1.1a and common in the Nitrososphaera lineage (Elling et al.,
2017). Furthermore, the fact that DH-crenarchaeol shows a profile
similar to that of PH-GDGTs suggests that the Baltic Sea
Nitrosopumilus may indeed produce PH-GDGTs instead of
HPH-GDGTs. Thus, the enhanced PH-GDGT abundance in the
suboxic zone marks the ecological niche of Nitrosopumilus in the
central Baltic Sea in agreement with previous microbiological studies
(Labrenz et al., 2010; Berg et al., 2015).

The phylogenetic evidence provided in this study indicates that
the Baltic Sea Nitrosopumilus is different from the well supported clade
of the cultured representatives (N. maritimus, N. piranensis), but most
closely related to N. oxyclinae (Figure 3). Despite lacking support, our
phylogeny agrees with a recently published genome-based
phylogenetic tree of the class Nitrososphaeria (Qin et al., 2020; Ren
and Wang, 2022) and a phylogenetic tree based on the ammonia
monooxygenase (amoA) gene, a maker gene for archaeal nitrification
(Alves et al., 2018). In these trees, N. maritimus and N. piranensis are
located on a well-supported sister clade of N. oxyclinae, confirming
our 16S rRNA gene-based phylogeny and thus supporting our
hypothesis that Baltic Sea Nitrosopumilus may share a common
ancestor with N. oxyclinae. This latter, which has the ability to grow in
a wide salinity (10-40%o) and temperature (4-30°C) range, was
isolated from the 175m deep Hood Canal, Canada (Qin et al.,, 2017).
This fjord has a similar setting than the central Baltic Sea in terms of
stratification and poor ventilation as a sill limits the exchange with
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saline and oxygen rich water from the Admiralty Inlet (Paulson et al.,
2006; Gregg and Pratt, 2010).

The IPL-GDGT profiles from the EGB are different from those in
the other basins. The suboxic zone contains a lower concentration of
PH crenarchaeol and a lower sum of PH-GDGTs in combination with
lowest crenarchaeal cell counts (Figure 5). These data imply a reduced
occurrence of GDGT producing Nitrososphaeria in the suboxic zone
of the EGB compared to the Landsort Deep and Far6 Basin. In
contrast, the summed IPL-GDGTs are abundant at the euxinic zone
with highest proportions of MH-GDGTs and lowest proportions of
DH-GDGTs (Figure 6). MH crenarchaeol, the most abundant
IPL-GDGT, may be a degradation product of PH crenarchaeol and
might have accumulated near the bottom of the EGB due to lateral
inflows (Dargahi and Cvetkovic, 2014). Additionally, Woesarchaeales
might increase the IPL-GDGT pool, as they conserve GDGTs
produced by other organisms against decay (Lipsewers et al., 2018).

4.3. Significance for GDGT-based indices

As GDGTs in the water column of the Baltic Sea are produced
almost exclusively by Nitrosopumilus, the variability of different
GDGT-based indices within a single species can be estimated
(Table 3).

First, the GDGT-2/GDGT-3 ratio, an indicator for shallow
versus deep-dwelling archaeal community (Taylor et al., 2013;
Kim et al., 2015), is relatively stable around 1.3 +0.24 (mean and
standard deviation) for IPL-GDGTs. The values range between
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FIGURE 6
Relative abundance of monohoexose (MH), dihexose (DH) and phosphohexose (PH) GDGTs in the water column of the Landsort Deep, the Fard Basin
and the East Gotland Basin.

1.8 and 5.1 and tend to increase with depth for core GDGTs.
Preferential bondage and degradation most likely account for the
increasing trend of the core GDGT-based ratio. A potential faster
degradation of DH-GDGT-2 compared to MH-GDGT-2
(Figure 6) may explain lower values of the GDGT-2/GDGT-3 for
core GDGTs. Similarly, a decrease of GDGT-2/GDGT-3 ratio in
the MH-GDGT fraction from the suboxic zone to the euxinic
zone suggests a faster degradation of GDGT-2 compared to
GDGT-3, and thus lower GDGT-2/GDGT-3 ratios of core
GDGTs. Second, the GDGT-0/cren ratio, an indicator for the
presence of methanogenic archaea (Blaga et al., 2009), is below 2
within both IPL (1.46+0.38) and core (1.69+0.2) GDGTs
(Table 3). This value suggests also that methanogenic archaea do
not occur in the water column, in agreement with the 16S rRNA
sequencing results. Third, the methane index (MI), an indicator
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for the presence of methanotrophic Euryarchaea (Zhang et al.,
2011), is below 0.3 for both IPL and core GDGTs (0.21 +£0.05 and
0.14£0.05, respectively) and implies an absence of archaeal
methanotrophs in the investigated basins, corroborating the 16S
rRNA sequencing results.

The TEXIS“Gtemperature proxy (Eqs 1), which represents a TEX,
derivative adapted to comparatively low water temperatures (<15°C;
Kim et al., 2010), has been calibrated for the Baltic Sea, although it is
currently under debate whether it reflects summer surface (Kabel
et al, 2012) or annual subsurface temperatures (Wittenborn
etal., 2022).

GDGT -1 O
(GDGT ~1+ GDGT —2 + GDGT - 3)

L
TEXgs = log[
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TABLE 2 Measured and TEXIS“G-derived water temperatures in the water column of the Landsort Deep, the Far6 Basin and the Eastern Gotland Basin (EGB).

Water temperatures (°C)

Water depth
(m) L L L L
observed TEXg |PL TEXg, MH TEXg, DH TEXg, Core

4 6.1 6.6 43 6.7 3.9
Landsort 96 5.5 6.1 5.6 6.3 3.9
Deep 99 5.5 5.3 3.7 6.0 4.1

425 6.2 5.4 53 57 42

4 6.2 63 9.2 63 12
Faro

72 53 6.5 6.1 6.8 52
Basin

160 6.7 57 57 5.6 41

4 6.3 6.9 9.6 6.9 43

74 48 54 34 62 5.5
EGB

80 5.4 5.5 3.8 6.6 5.1

220 6.9 49 3.8 6.5 6.1

TEX%‘6 temperature estimates were based on the sum of IPL-GDGTs, monohoexose (MH) GDGTs, dihexose (DH) GDGTs and core GDGTs. TEX;;6 is defined as: TEX{;6 =1og((GDGT-2) /

(GDGT-1+GDGT-2+GDGT-3)) (Kim et al,, 2010). The calibration according to Wittenborn et al. (2022) was applied to convert TEX{;6 values into subsurface water temperature (T =26.21 *
L

TEX86 +19.79).

TABLE 3 Core and IPL-GDGT based methane index (M), GDGT-0/cren, GDGT-2/GDGT-3 values in the water column of the Landsort Deep, the Faré
Basin and the Eastern Gotland Basin (EGB).

Water depth MI-Index GDGT-0/GDGT-cren GDGT-2/GDGT-3
[m] IPL Core IPL Core IPL Core
4 0.3 0.1 1.8 1.4 0.9 1.9
Landsort 9% 0.2 0.1 2.1 1.9 14 2.4
Deep 99 0.2 0.1 1.7 1.8 1.1 2.3
425 0.2 0.2 1.2 1.9 14 34
4 0.3 0.1 14 1.4 1.0 2.1
Faro
72 0.2 0.2 2.0 1.7 1.5 4.4
Basin
160 0.2 0.1 1.1 1.9 1.6 2.6
4 0.2 0.1 14 1.4 1.0 1.8
74 0.2 0.2 1.2 1.6 1.6 4.4
EGB
80 0.1 0.1 1.5 1.7 14 2.9
220 0.2 0.2 0.8 1.8 1.2 5.1

The methane index is defined as: MI=(GDGT-1+GDGT-2+GDGT-3) / (GDGT-1+GDGT-2 + GDGT-3 + crenarchaeol + cren’) (Zhang et al,, 2011).

However, in agreement with other investigations (Labrenz  preferentially bonded to PH and HPH headgroups, while GDGT-2
etal.,, 2010; Thureborn et al., 2013; Berg et al., 2015), the present ~and GDGT-3 are preferentially coupled to MH and DH
study suggests that GDGT-producers are most abundant at depth ~ headgroups (Pitcher et al, 2011b). Considering a faster
within the suboxic zone of the Baltic Sea. Therefore, we applied  degradation rate for PH-GDGTs than for MH-and DH-GDGTs
the subsurface calibration established by Wittenborn et al. (2022) (Harvey et al., 1986; Schouten et al., 2010), GDGT-1 may be more
to convert TEX!{6 values based on either core GDGTs, summed  abundant in the core GDGT fraction and the resulting TEX{;6 is
IPL-GDGTs, MH-GDGTs and DH-GDGTs into water Dbiased toward lower temperature estimates. Summed IPL-GDGT-
temperatures (Table 2). As IPL-GDGTs reflect living cells, a higher ~ based TEXIS“G temperatures are in close agreement (average of the
accordance is expected between IPL-GDGTs-derived temperature  absolute deviation £0.7°C) with measured temperatures, although
estimates and in situ temperatures compared to core GDGT-based  the water temperature in euxinic waters is always underestimated
temperatures. Indeed, core GDGT-derived temperatures are ca. by ca. 1-2°C. Considering that members of the Nitrososphaeria
1-2°C lower than measured temperatures. This offset can  need oxygen for their metabolism (Offre et al., 2013), the archaeal
be explained by a preferred bondage between core GDGTs and  cells in the euxinic zone may reside inactive (Berg et al., 2015).
specific headgroups. GDGT-0, GDGT-1 and crenarchaeol are =~ The IPL-GDGT signal may thus represent the temperature of the

Frontiers in Microbiology 11 frontiersin.org


https://doi.org/10.3389/fmicb.2023.1216130
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wittenborn et al.

original habitat depth, i.e., the lower water temperature of the
suboxic zone. It is striking that TEX;‘6 temperature estimates
based on MH-GDGTs deviates strongly (average of the absolute
deviation £1.7°C) from measured temperatures, while DH-GDGTs
derived temperatures are closer (average of the absolute deviation
+0.8°C) to in situ temperatures. This may again be related to the
variable abundance of core GDGTs with different headgroups.
The MH headgroup is tied about twice as often to GDGT-1 than
to GDGT-2 and very rarely to GDGT-3, whereas the DH
headgroup is almost evenly bound to GDGT-1, GDGT-2, and
GDGT-3 (Figure 6). Thus, GDGT-1 is overrepresented in the
MH-GDGT-based TEXgg
temperatures biased toward lower estimates. In addition, the

reconstructions, resulting in
MH-GDGT fraction might also contain degradation products of
the PH-GDGT fraction as mentioned above. In situ temperature
is therefore most accurately reflected by TEXIS“6 using the summed
abundance of IPL-GDGTs. This is surprising as the sedimentary
downcore calibration from Wittenborn et al. (2022) may not
be directly suitable for SPM data. Still the IPL-derived TEX!{6

temperatures are very similar to observed temperatures.

5. Conclusion

Nitrosopumilus is ubiquitously distributed in the water column
of the central Baltic Sea and the most dominant biological source
of GDGTs. Highest abundances of IPL-GDGTs and cell counts
within the suboxic zone provide evidence that Nitrosopumilus
resides primarily in the deeper water column and that the TEX;‘6
reflect mainly subsurface water temperatures. Interestingly,
members of Nitrosopumilus from the central Baltic Sea produce
PH-GDGTs instead of HPH-GDGTs, which suggests that the Baltic
Sea Nitrosopumilus may either differ from other species, or that the
offset in the lipid distribution pattern is a physiological adaptation
to the brackish conditions of the Baltic Sea. 16S rRNA analysis
points to N. oxyclinae as the closest relative to the Baltic Sea
Nitrosopumilus. A full metagenomic analysis is required to
determine the exact phylogenetic position of the Baltic
Sea Nitrosopumilus.

Data availability statement

Sequence data for this study have been deposited in the European
Nucleotide Archive (ENA) at EMBL-EBI under accession number
PRJEB61728 (https://www.ebi.ac.uk/ena/data/view/PRJEB61728),
using the data brokerage service of the German Federation for
Biological Data (GFBio, Diepenbroek et al., 2014), in compliance with
the Minimal Information about any (X) Sequence (MIxS) standard
(Yilmaz et al., 2011). Lipid and CARD-FISH data were achieved at
PANGAEA (Wittenborn et al., 2023).

Author contributions

AW, JK, HA, and K] contributed to conception and design of the
study. AW, TB, CH, KK, and JW-R contributed to laboratory and

Frontiers in Microbiology

12

10.3389/fmicb.2023.1216130

analytical work. AW and CH organized the database. AW wrote the
first draft of the manuscript. TB and CH wrote sections of the
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the German Research Foundation
(DFG) [grant KA 3228/2-1] and the Leibniz Association [grant
number SAW-2017-I0W-2].

Acknowledgments

We are grateful to the captain and crew of expedition EMB201
(R/V Elisabeth Mann Borgese). Nadine Hollmann is thanked for
help in the laboratory and Anna Volkert for assistance during
IPL extraction.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1216130/
full#supplementary-material

SUPPLEMENTARY TABLE S1

Multiple sequence alignment used for the reconstruction of the phylogenetic
tree. Accession numbers and information about redundant sequences

is provided.

SUPPLEMENTARY TABLE S2
Sequence similarity between Nitrosopumilus ASVs and full length 16S rRNA
sequences used for phylogenetic tree reconstruction.

SUPPLEMENTARY TABLE S3

Map of 211 metagenomes of environmental DNA from the Baltic Sea. Black
dots represent positions from which full length Nitrosopumilus 16S rRNA
could not be extracted, whereas green dots represent positions where full
length Nitrosopumilus 16S rRNA could be extracted (in total 37
metagenomes). Titles include depth and date of sampling. No other
Nitrososphaeria representatives were found with the exception of one partial
Nitrosopelagicus 16S rRNA sequence, reconstructed from a metaG of

the Skagerrak.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1216130
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ebi.ac.uk/ena/data/view/PRJEB61728
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1216130/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1216130/full#supplementary-material

Wittenborn et al.

References

Alneberg, J., Bennke, C., Beier, S., Bunse, C., Quince, C., Ininbergs, K., et al. (2020).
Ecosystem-wide metagenomic binning enables prediction of ecological niches from
genomes. Commun. Bio. 3:119. doi: 10.1038/s42003-020-0856-x

Alneberg, ], Sundh, ], Bennke, C., Beier, S., Lundin, D., Hugerth, L. W,, et al. (2018).
BARM and Baltic microbe DB, a reference metagenome and interface to meta-omic data
for the Baltic Sea. Sci. Data 5, 1-10. doi: 10.1038/sdata.2018.146

Alves, R. J. E., Minh, B. Q., Urich, T., von Haeseler, A., and Schleper, C. (2018).
Unifying the global phylogeny and environmental distribution of ammonia-oxidising
archaea based on amoA genes. Nat. Commun. 9:1517. doi: 10.1038/541467-018-03861-1

Barbera, P, Kozlov, A. M., Czech, L., Morel, B., Darriba, D., Flouri, T,, et al. (2019).
EPA-ng: massively parallel evolutionary placement of genetic sequences. Syst. Biol. 68,
365-369. doi: 10.1093/sysbio/syy054

Bauersachs, T., Weidenbach, K., Schmitz, R. A., and Schwark, L. (2015). Distribution
of glycerol ether lipids in halophilic, methanogenic and hyperthermophilic archaea.
Org. Geochem. 83-84, 101-108. doi: 10.1016/j.orggeochem.2015.03.009

Baumann, L. M. E, Taubner, R. S., Bauersachs, T., Steiner, M., Schleper, C., et al.
(2018). Intact polar lipid and core lipid inventory of the hydrothermal vent methanogens
Methanocaldococcus villosus and Methanothermococcus okinawensis. Org. Geochem.
126, 33-42. doi: 10.1016/j.0rgge0chem.2018.10.006

Berg, C., Vandieken, V., Thamdrup, B., and Jiirgens, K. (2015). Significance of archaeal
nitrification in hypoxic waters of the Baltic Sea. ISME J. 9, 1319-1332. doi: 10.1038/
ismej.2014.218

Besseling, M. A., Hopmans, E. C., Koenen, M., van der Meer, M. T., Vreugdenhil, S.,
Schouten, S., et al. (2019). Depth-related differences in archaeal populations impact the
isoprenoid tetraether lipid composition of the Mediterranean Sea water column. Org.
Geochem. 135, 16-31. doi: 10.1016/j.orggeochem.2019.06.008

Blaga, C. I, Reichart, G. J., Heiri, O., and Sinninghe Damsté, J. S. (2009). Tetraether
membrane lipid distributions in water-column particulate matter and sediments: a study
of 47 European lakes along a north-south transect. J. Paleolimnol. 41, 523-540. doi:
10.1007/s10933-008-9242-2

Bligh, E. G., and Dyer, W. J. (1959). A rapid method of total lipid extraction and
purification. Can. J. Biochem. Physiol. 37,911-917. doi: 10.1139/059-099

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W, Johnson, A. J. A., and
Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon
data. Nat. Methods. 13, 581-583. doi: 10.1038/nmeth.3869

Carstensen, J., Andersen, J. H., Gustafsson, B. G., and Conley, D. J. (2014).
Deoxygenation of the Baltic Sea during the last century. Proc. Natl. Acad. Sci. 111,
5628-5633. doi: 10.1073/pnas.1323156111

Cederwall, H., and Elmgren, R. (1990). Biological effects of eutrophication in the
Baltic Sea, particularly the coastal zone. Ambio 19, 109-112.

Dargahi, B., and Cvetkovic, V. (2014). Hydrodynamic and transport characterization
of the Baltic Sea 2000-2009. Stockholm, KTH Royal Institute of Technology

Darriba, D., Posada, D., Kozlov, A. M., Stamatakis, A., Morel, B., and Flouri, T. (2020).
Model test-NG: a new and scalable tool for the selection of DNA and protein
evolutionary models. Mol. Biol. Evol. 37, 291-294. doi: 10.1093/molbev/msz189

Diaz, R. J., and Rosenberg, R. (2008). Spreading dead zones and consequences for
marine ecosystems. Science 321, 926-929. doi: 10.1126/science.1156401

Diepenbroek, M., Glockner, E, Grobe, P,, Giintsch, A., Huber, R., Konig-Ries, B., et al.
(2014). “Towards an integrated biodiversity and ecological research data management
and archiving platform: the German Federation for the Curation of biological data
(GFBio)” in Informatik 2014. eds. E. Plodereder, L. Grunske, E. Schneider and D. Ull,
(Bonn, Gesellschaft fiir Informatik e.V) 1711-1724.

Duinker, J. C., and Schulz-Bull, D. E. (1999). “Determination of selected
organochlorine compounds in seawater” in Methods of seawater analysis. eds. K.
Grasshoff, K. Kremling and W. Erhardt. 3rd ed (Weinheim: Wiley-VCH Verlag GmbH),
479-499. doi: 10.1002/9783527613984.ch22

Elling, F. J., Konneke, M., Nicol, G. W,, Stieglmeier, M., Bayer, B., Spieck, E., et al.
(2017). Chemotaxonomic characterisation of the thaumarchaeal lipidome. Environ.
Microbiol. 19, 2681-2700. doi: 10.1111/1462-2920.13759

Gregg, M. C., and Pratt, L. J. (2010). Flow and hydraulics near the sill of Hood Canal,
a strongly sheared, continuously stratified fjord. J. Phys. Oceanogr. 40, 1087-1105. doi:
10.1175/2010JPO4312.1

Gruber-Vodicka, H. R., Seah, B. K., and Pruesse, E. (2020). Phylo flash: rapid small-
subunit rRNA profiling and targeted assembly from metagenomes. Msystems 5:20. doi:
10.1128/mSystems.00920-20

Harvey, H. R,, Fallon, R. D., and Patton, J. S. (1986). The effect of organic matter and
oxygen on the degradation of bacterial membrane lipids in marine sediments. Geochim.
Cosmochim. Acta 50, 795-804. doi: 10.1016/0016-7037(86)90355-8

Herlemann, D. P, Labrenz, M., Jirgens, K., Bertilsson, S., Waniek, J. J., and
Andersson, A. F. (2011). Transitions in bacterial communities along the 2000 km salinity
gradient of the Baltic Sea. ISME J. 5, 1571-1579. doi: 10.1038/ismej.2011.41

Holtermann, P. L., Prien, R., Naumann, M., Mohrholz, V., and Umlauf, L. (2017).
Deepwater dynamics and mixing processes during a major inflow event in the Central
Baltic Sea. J. Geophys. Res. Oceans 122, 6648-6667. doi: 10.1002/2017JC013050

Frontiers in Microbiology

13

10.3389/fmicb.2023.1216130

Hopmans, E. C., Schouten, S., and Sinninghe Damsté, J. S. (2016). The effect of
improved chromatography on GDGT-based palaeoproxies. Org. Geochem. 93, 1-6. doi:
10.1016/j.orggeochem.2015.12.006

Hopmans, E. C., Weijers, J. W., Schefuf3, E., Herfort, L., Sinninghe Damsté, J. S., and
Schouten, S. (2004). A novel proxy for terrestrial organic matter in sediments based on
branched and isoprenoid tetraether lipids. Earth Planet. Sci. Lett. 224, 107-116. doi:
10.1016/j.epsl.2004.05.012

Hugerth, L. W, Larsson, J., Alneberg, J., Lindh, M. V,, Legrand, C., Pinhassi, J., et al.
(2015). Metagenome-assembled genomes uncover a global brackish microbiome.
Genome Biol. 16, 279-218. doi: 10.1186/s13059-015-0834-7

Huguet, C., Kim, J. H,, Sinninghe Damsté, J. S., and Schouten, S. (2006).
Reconstruction of sea surface temperature variations in the Arabian Sea over the last 23
kyr using organic proxies (TEXg and UsX). Paleoceanography 21. doi:
10.1029/2005PA001215

Jonas, A. S., Schwark, L., and Bauersachs, T. (2017). Late quaternary water temperature
variations of the Northwest Pacific based on the lipid paleothermometers TEX",, U¥5,
and LDI. Deep Sea Res I: Ocean. Res. Papers 125, 81-93. doi: 10.1016/j.dsr.2017.04.018

Kabel, K., Moros, M., Porsche, C., Neumann, T., Adolphi, F, Andersen, T. ], et al.
(2012). Impact of climate change on the Baltic Sea ecosystem over the past 1,000 years.
Nat. Clim. Chang. 2, 871-874. doi: 10.1038/nclimate1595

Kaiser, J., and Arz, H. W. (2016). Sources of sedimentary biomarkers and proxies with
potential paleoenvironmental significance for the Baltic Sea. Cont. Shelf Res. 122,
102-119. doi: 10.1016/j.¢s1.2016.03.020

Karner, M. B., DeLong, E. E, and Karl, D. M. (2001). Archaeal dominance in the
mesopelagic zone of the Pacific Ocean. Nature 409, 507-510. doi: 10.1038/35054051

Kim, J.-H., Schouten, S., Rodrigo-Gamiz, M., Rampen, S., Marino, G., Huguet, C.,
et al. £2015). Influence of deep-water derived isoprenoid tetraether lipids on the
TEX paleothermometer in the Mediterranean Sea. Geochim. Cosmochim. Acta 150,
125-141. doi: 10.1016/j.gca.2014.11.017

Kim, J. H., van der Meer, J., Schouten, S., Helmke, P., Willmott, V., Sangiorgi, F,, et al.
(2010). New indices and calibrations derived from the distribution of crenarchaeal
isoprenoid tetraether lipids: implications for past sea surface temperature
reconstructions. Geochim. Cosmochim. Acta 74, 4639-4654. doi: 10.1016/j.
gca.2010.05.027

Kim, J. H., Villanueva, L., Zell, C., and Sinninghe Damsté, J. S. (2016). Biological
source and provenance of deep-water derived isoprenoid tetraether lipids along the
Portuguese continental margin. Geochim. Cosmochim. Acta 172, 177-204. doi: 10.1016/j.
gca.2015.09.010

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al. (2013).
Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-
generation sequencing-based diversity studies. Nucleic Acids Res. 41:el. doi: 10.1093/
nar/gks808

Konneke, M., Schubert, D. M., Brown, P. C., Hiigler, M., Standfest, S., Schwander, T.,
etal. (2014). Ammonia-oxidizing archaea use the most energy-efficient aerobic pathway
for CO, fixation. Proc. Natl. Acad. Sci. 111, 8239-8244. doi: 10.1073/pnas.1402028111

Kozlov, A. M., Darriba, D., Flouri, T., Morel, B., and Stamatakis, A. (2019). RAXML-
NG: a fast, scalable and user-friendly tool for maximum likelihood phylogenetic
inference. Bioinformatics 35, 4453-4455. doi: 10.1093/bioinformatics/btz305

Labrenz, M., Sintes, E., Toetzke, F,, Zumsteg, A., Herndl, G. J., Seidler, M., et al. (2010).
Relevance of a crenarchaeotal subcluster related to Candidatus Nitrosopumilus
maritimus to ammonia oxidation in the suboxic zone of the Central Baltic Sea. ISME J.
4, 1496-1508. doi: 10.1038/isme;j.2010.78

Lengger, S. K., Hopmans, E. C., Reichart, G. J., Nierop, K. G., Sinninghe Damsté, J. S.,
and Schouten, S. (2012). Intact polar and core glycerol dibiphytanyl glycerol tetraether
lipids in the Arabian Sea oxygen minimum zone. Part II: selective preservation and
degradation in sediments and consequences for the TEXys. Geochim. Cosmochim. Acta
98, 244-258. doi: 10.1016/j.gca.2012.05.003

Letunic, L., and Bork, P. (2021). Interactive tree of life (iTOL) v5: an online tool for
phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293-W296. doi:
10.1093/nar/gkab301

Lipsewers, Y. A., Hopmans, E. C., Sinninghe Damsté, J. S., and Villanueva, L. (2018).
Potential recycling of thaumarchaeotal lipids by DPANN Archaea in seasonally hypoxic
surface marine sediments. Org. Geochem. 119, 101-109. doi: 10.1016/j.
orggeochem.2017.12.007

Liu, X, Li, M, Castelle, C. J., Probst, A.J., Zhou, Z., Pan, J., et al. (2018). Insights into
the ecology, evolution, and metabolism of the widespread Woesearchaeotal lineages.
Microbiome 6, 102-116. doi: 10.1186/s40168-018-0488-2

Meier, H. E. M., Feistel, R., Piechura, J., Arneborg, L., Burchard, H., Fiekas, V., et al.
(2006). Ventilation of the Baltic Sea deep water: a brief review of present knowledge
from observations and models. Oceanologia 48, 133-164.

Mohrholz, V., Naumann, M., Nausch, G., Kriiger, S., and Gréiwe, U. (2015). Fresh
oxygen for the Baltic Sea — an exceptional saline inflow after a decade of stagnation. J.
Mar. Syst. 148, 152-166. doi: 10.1016/j.jmarsys.2015.03.005

Offre, P, Spang, A., and Schleper, C. (2013). Archaea in biogeochemical cycles. Annu.
Rev. Microbiol. 67, 437-457. doi: 10.1146/annurev-micro-092412-155614

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1216130
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s42003-020-0856-x
https://doi.org/10.1038/sdata.2018.146
https://doi.org/10.1038/s41467-018-03861-1
https://doi.org/10.1093/sysbio/syy054
https://doi.org/10.1016/j.orggeochem.2015.03.009
https://doi.org/10.1016/j.orggeochem.2018.10.006
https://doi.org/10.1038/ismej.2014.218
https://doi.org/10.1038/ismej.2014.218
https://doi.org/10.1016/j.orggeochem.2019.06.008
https://doi.org/10.1007/s10933-008-9242-2
https://doi.org/10.1139/o59-099
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1073/pnas.1323156111
https://doi.org/10.1093/molbev/msz189
https://doi.org/10.1126/science.1156401
https://doi.org/10.1002/9783527613984.ch22
https://doi.org/10.1111/1462-2920.13759
https://doi.org/10.1175/2010JPO4312.1
https://doi.org/10.1128/mSystems.00920-20
https://doi.org/10.1016/0016-7037(86)90355-8
https://doi.org/10.1038/ismej.2011.41
https://doi.org/10.1002/2017JC013050
https://doi.org/10.1016/j.orggeochem.2015.12.006
https://doi.org/10.1016/j.epsl.2004.05.012
https://doi.org/10.1186/s13059-015-0834-7
https://doi.org/10.1029/2005PA001215
https://doi.org/10.1016/j.dsr.2017.04.018
https://doi.org/10.1038/nclimate1595
https://doi.org/10.1016/j.csr.2016.03.020
https://doi.org/10.1038/35054051
https://doi.org/10.1016/j.gca.2014.11.017
https://doi.org/10.1016/j.gca.2010.05.027
https://doi.org/10.1016/j.gca.2010.05.027
https://doi.org/10.1016/j.gca.2015.09.010
https://doi.org/10.1016/j.gca.2015.09.010
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1073/pnas.1402028111
https://doi.org/10.1093/bioinformatics/btz305
https://doi.org/10.1038/ismej.2010.78
https://doi.org/10.1016/j.gca.2012.05.003
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1016/j.orggeochem.2017.12.007
https://doi.org/10.1016/j.orggeochem.2017.12.007
https://doi.org/10.1186/s40168-018-0488-2
https://doi.org/10.1016/j.jmarsys.2015.03.005
https://doi.org/10.1146/annurev-micro-092412-155614

Wittenborn et al.

Paulson, A. ], Konrad, C. P, Frans, L. M., Noble, M., Kendall, C., Josberger, E. G., et al.
(2006). Freshwater and saline loads of dissolved inorganic nitrogen to Hood Canal and
lynch cove, Western Washington. Scientific Investigations Report. U. S. Geological Survey.

Pernthaler, A., Pernthaler, J., and Amann, R. (2002). Fluorescence in situ hybridization
and catalyzed reporter deposition for the identification of marine bacteria. Appl.
Environ. Microbiol. 68, 3094-3101. doi: 10.1128/ AEM.68.6.3094-3101.2002

Pitcher, A., Hopmans, E. C., Mosier, A. C,, Park, S. ], Rhee, S. K., Francis, C. A., et al.
(2011b). Core and intact polar glycerol dibiphytanyl glycerol tetraether lipids of
ammonia-oxidizing archaea enriched from marine and estuarine sediments. Appl.
Environ. Microbiol. 77, 3468-3477. doi: 10.1128/ AEM.02758-10

Pitcher, A., Villanueva, L., Hopmans, E. C., Schouten, S., Reichart, G. J., and Sinninghe
Damsté, J. S. (2011a). Niche segregation of ammonia-oxidizing archaea and anammox
bacteria in the Arabian Sea oxygen minimum zone. ISME J. 5, 1896-1904. doi: 10.1038/
ismej.2011.60

Pruesse, E., Peplies, ]., and Glockner, E. O. (2012). SINA: accurate high-throughput
multiple sequence alignment of ribosomal RNA genes. Bioinformatics 28, 1823-1829.
doi: 10.1093/bioinformatics/bts252

Qin, W,, Carlson, L. T., Armbrust, E. V., Devol, A. H., Moffett, ]. W,, Stahl, D. A, et al.
(2015). Confounding effects of oxygen and temperature on the TEXy, signature of
marine Thaumarchaeota. Proc. Natl. Acad. Sci. 112, 10979-10984. doi: 10.1073/
pnas.150156811

Qin, W, Heal, K. R, Ramdasi, R.,, Kobelt, J. N., Martens-Habbena, W,
Bertagnolli, A. D., et al. (2017). Nitrosopumilus maritimus gen. Nov., sp. nov.,
Nitrosopumilus cobalaminigenes sp. nov., Nitrosopumilus oxyclinae sp. nov., and
Nitrosopumilus ureiphilus sp. nov., four marine ammonia-oxidizing archaea of the
phylum Thaumarchaeota. Int. J. Syst. Evol. Microbiol. 67, 5067-5079. doi: 10.1099/
ijsem.0.002416

Qin, W, Zheng, Y., Zhao, E, Wang, Y., Urakawa, H., Martens-Habbena, W, et al.
(2020). Alternative strategies of nutrient acquisition and energy conservation map to
the biogeography of marine ammonia-oxidizing archaea. ISME J. 14, 2595-2609. doi:
10.1038/s41396-020-0710-7

Quast, C., Pruesse, E., Yilmaz, P, Gerken, J., Schweer, T., Yarza, P, et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 41, D590-D596. doi: 10.1093/nar/gks1219

Rattanasriampaipong, R., Zhang, Y. G., Pearson, A., Hedlund, B. P, and Zhang, S.
(2022). Archaeal lipids trace ecology and evolution of marine ammonia-
oxidizing archaea. Proc. Natl. Acad. Sci. 119:e2123193119. doi: 10.1073/pnas.
2123193119

R Core Team (2021). R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. Available at: https://www.R-
project.org/

Ren, M., and Wang, J. (2022). Phylogenetic divergence and adaptation of
Nitrososphaeria across lake depths and freshwater ecosystems. ISME J. 16, 1491-1501.
doi: 10.1038/541396-022-01199-7

Rinke, C., Chuvochina, M., Mussig, A. J., Chaumeil, P. A., Davin, A. A., Waite, D. W,
etal. (2021). A standardized archaeal taxonomy for the genome taxonomy database. Nat.
Microbiol. 6, 946-959. doi: 10.1038/s41564-021-00918-8

Schattenhofer, M., Fuchs, B. M., Amann, R., Zubkov, M. V,, Tarran, G. A., and
Pernthaler, J. (2009). Latitudinal distribution of prokaryotic picoplankton populations
in the Atlantic Ocean. Environ. Microbiol. 11, 2078-2093. doi:
10.1111/j.1462-2920.2009.01929.x

Schmale, O., Krause, S., Holtermann, P, Power Guerra, N. C., and Umlauf, L. (2016).
Dense bottom gravity currents and their impact on pelagic methanotrophy at oxic/
anoxic transition zones. Geophys. Res. Lett. 43, 5225-5232. doi: 10.1002/2016GL069032

Schouten, S., Forster, A., Panoto, F. E., and Sinninghe Damsté, J. S. (2007b). Towards
calibration of the TEXy, palaeothermometer for tropical sea surface temperatures in
ancient greenhouse worlds. Org. Geochem. 38, 1537-1546. doi: 10.1016/j.
orggeochem.2007.05.014

Schouten, S., Hopmans, E. C., Baas, M., Boumann, H., Standfest, S., Kénneke, M., et al.
(2008). Intact membrane lipids of "Candidatus Nitrosopumilus maritimus," a cultivated
representative of the cosmopolitan mesophilic group I Crenarchaeota. Appl. Environ.
Microbiol. 74, 2433-2440. doi: 10.1128/AEM.01709-07

Schouten, S., Hopmans, E. C., and Sinninghe Damste, J. S. (2013). The organic
geochemistry of glycerol dialkyl glycerol tetraether lipids: a review. Org. Geochem. 54,
19-61. doi: 10.1016/j.orggeochem.2012.09.006

Schouten, S., Hopmans, E. C., Schefuf3, E., and Sinninghe Damsté, J. S. (2002).
Distributional variations in marine crenarchaeotal membrane lipids: a new tool for
reconstructing ancient sea water temperatures?. EPSL. 204, 265-274. doi: 10.1016/
S0012-821X(02)00979-2

Schouten, S., Huguet, C., Hopmans, E. C., Kienhuis, M. V., and Sinninghe Damsté, J. S.
(2007a). Analytical methodology for TEX;s paleothermometry by high-performance
liquid chromatography/atmospheric pressure chemical ionization-mass spectrometry.
Anal. Chem. 79, 2940-2944. doi: 10.1021/ac062339v

Schouten, S., Middelburg, J. ., Hopmans, E. C., and Sinninghe Damsté, J. S. (2010).
Fossilization and degradation of intact polar lipids in deep subsurface sediments: a
theoretical approach. Geochim. Cosmochim. Acta 74, 3806-3814. doi: 10.1016/j.
gca.2010.03.029

Frontiers in Microbiology

14

10.3389/fmicb.2023.1216130

Schouten, S., Pitcher, A., Hopmans, E. C., Villanueva, L., van Bleijswijk, J., and
Sinninghe Damsté, J. S. (2012). Intact polar and core glycerol dibiphytanyl glycerol
tetraether lipids in the Arabian Sea oxygen minimum zone: I. selective preservation and
degradation in the water column and consequences for the TEXgs. Geochim. Cosmochim.
Acta 98, 228-243. doi: 10.1016/j.gca.2012.05.002

Sinninghe Damsté, J. S., Rijpstra, W. I. C., Hopmans, E. C., Jung, M. Y,, Kim, J. G.,
Rhee, S. K., et al. (2012). Intact polar and core glycerol dibiphytanyl glycerol tetraether
lipids of group IL.1a and I.1b Thaumarchaeota in soil. Appl. Environ. Microbiol. 78,
6866-6874. doi: 10.1128/AEM.01681-12

Sinninghe Damsté, J. S., Schouten, S., Hopmans, E. C., Van Duin, A. C., and
Geenevasen, J. A. (2002). Crenarchaeol the characteristic core glycerol dibiphytanyl
glycerol tetraether membrane lipid of cosmopolitan pelagic Crenarchaeota. J. Lipid Res.
43, 1641-1651. doi: 10.1194/jlr.m200148-jlr200

Snoeijs-Leijonmalm, P, and Andrén, E. (2017). “Why is the Baltic Sea so special to live
in?” in Biological oceanography of the Baltic Sea. eds. P. Snoeijs-Lejjonmalm, H. Schubert
and T. Radziejewska (Dordrecht: Springer), 23-84. doi: 10.1007/978-94-007-0668-2_2

Sollai, M., Villanueva, L., Hopmans, E. C., Reichart, G. J., and Sinninghe Damste, J. S.
(2019). A combined lipidomic and 16S rRNA gene amplicon sequencing approach
reveals archaeal sources of intact polar lipids in the stratified Black Sea water column.
Geobiology 17, 91-109. doi: 10.1111/gbi.12316

Stahl, D. A, and de la Torre, J. R. (2012). Physiology and diversity of ammonia-
oxidizing archaea. Annu. Rev. Microbiol. 66, 83-101. doi: 10.1146/annurev-
micro-092611-150128

Strady, E., Pohl, C., Yakushev, E. V., Kriiger, S., and Hennings, U. (2008). PUMP-CTD-
system for trace metal sampling with a high vertical resolution. A test in the Gotland
Basin. Baltic Sea. Chemosphere 70, 1309-1319. doi: 10.1016/j.chemosphere.2007.07.051

Sturt, H. E, Summons, R. E., Smith, K., Elvert, M., and Hinrichs, K. U. (2004). Intact
polar membrane lipids in prokaryotes and sediments deciphered by high-performance
liquid chromatography/electrospray ionization multistage mass spectrometry—new
biomarkers for biogeochemistry and microbial ecology. Rapid Commun. Mass Spectrom.
18, 617-628. doi: 10.1002/rcm.1378

Taylor, K. W., Huber, M., Hollis, C. J., Hernandez-Sanchez, M. T., and Pancost, R. D.
(2013). Re-evaluating modern and Palaecogene GDGT distributions: implications for
SST reconstructions. Glob. Planet. Chang. 108, 158-174. doi: 10.1016/j.
gloplacha.2013.06.011

Teira, E., Reinthaler, T., Pernthaler, A., Pernthaler, J., and Herndl, G. J. (2004).
Combining catalyzed reporter deposition-fluorescence in situ hybridization and
microautoradiography to detect substrate utilization by bacteria and archaea in the deep
ocean. AEM. 70, 4411-4414. doi: 10.1128/AEM.70.7.4411-4414.2004

Thureborn, P,, Lundin, D., Plathan, J., Poole, A. M., Sjoberg, B. M., and Sjoling, S.
(2013). A metagenomics transect into the deepest point of the Baltic Sea reveals clear
stratification of microbial functional capacities. PLoS One 8:¢74983. doi: 10.1371/
journal.pone.0074983

Tourte, M., Schaefter, P, Grossi, V., and Oger, P. M. (2020). Functionalized membrane
domains: an ancestral feature of Archaea? Front. Microbiol. 11, 1-14. doi: 10.3389/
fmicb.2020.00526

Trouwborst, R. E., Clement, B. G., Tebo, B. M., Glazer, B. T., and Luther, G. W. (2006).
Soluble Mn (III) in suboxic zones. Science 313, 1955-1957. doi: 10.1126/science.1132876

Villanueva, L., Schouten, S., and Sinninghe Damsté, J. S. (2017). Phylogenomic
analysis of lipid biosynthetic genes of Archaea shed light on the ‘lipid divide. Environ.
Microbiol. 19, 54-69. doi: 10.1111/1462-2920.13361

Wang, H., Bagnoud, A., Ponce-Toledo, R. I, Kerou, M., Weil, M., Schleper, C., et al.
(2021). Linking 16S rRNA gene classification to amoA gene taxonomy reveals
environmental distribution of ammonia-oxidizing archaeal clades in peatland soils.
Msystems 6, €00546-e00521. doi: 10.1128/msystems.00546-21

Wittenborn, A. K., Bauersachs, T., Hassenriick, C., Kading, K., and Jiirgens, K. (2023).
Data from: glycerol dialkyl glycerol tetraethers (GDGT) lipids and CARD-FISH data
from suspended particulate matter from the Central Baltic Sea. PANGAEA. doi: 10.1594/
PANGAEA.958465

Wittenborn, A. K., Radtke, H., Dutheil, C., Arz, H. W,, and Kaiser, J. (2022). A
downcore calibration of the TEXEI% temperature proxy for the Baltic Sea. Cont. Shelf
Res. 251:104875. doi: 10.1016/j.csr.2022.104875

Wauchter, C., Schouten, S., Coolen, M. J., and Sinninghe Damsté, J. S. (2004).
Temperature-dependent variation in the distribution of tetraether membrane lipids of
marine Crenarchaeota: implications for TEXys paleothermometry. Paleoceanography
19:PA 4028. doi: 10.1029/2004PA001041

Yilmaz, P, Kottmann, R., Field, D., Knight, R., Cole, J. R., Amaral-Zettler, L., et al.
(2011). Minimum information about a marker gene sequence (MIMARKS) and
minimum information about any (x) sequence (MIxS) specifications. Nat. Biotechnol.
29, 415-420. doi: 10.1038/nbt.1823

Zeng, Z., Chen, H., Yang, H., Chen, Y,, Yang, W., Feng, X,, et al. (2022). Identification
of a protein responsible for the synthesis of archaeal membrane-spanning GDGT lipids.
Nat. Commun. 13:1545. doi: 10.1038/s41467-022-29264-x

Zhang, Y. G., Zhang, C. L,, Liu, X. L, Li, L., Hinrichs, K. U,, and Noakes, J. E. (2011).
Methane index: a tetraether archaeal lipid biomarker indicator for detecting the instability
of marine gas hydrates. Earth Planet. Sci. Lett. 307, 525-534. doi: 10.1016/j.eps1.2011.05.031

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1216130
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/AEM.68.6.3094-3101.2002
https://doi.org/10.1128/AEM.02758-10
https://doi.org/10.1038/ismej.2011.60
https://doi.org/10.1038/ismej.2011.60
https://doi.org/10.1093/bioinformatics/bts252
https://doi.org/10.1073/pnas.150156811
https://doi.org/10.1073/pnas.150156811
https://doi.org/10.1099/ijsem.0.002416
https://doi.org/10.1099/ijsem.0.002416
https://doi.org/10.1038/s41396-020-0710-7
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1073/pnas.2123193119
https://doi.org/10.1073/pnas.2123193119
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/s41396-022-01199-7
https://doi.org/10.1038/s41564-021-00918-8
https://doi.org/10.1111/j.1462-2920.2009.01929.x
https://doi.org/10.1002/2016GL069032
https://doi.org/10.1016/j.orggeochem.2007.05.014
https://doi.org/10.1016/j.orggeochem.2007.05.014
https://doi.org/10.1128/AEM.01709-07
https://doi.org/10.1016/j.orggeochem.2012.09.006
https://doi.org/10.1016/S0012-821X(02)00979-2
https://doi.org/10.1016/S0012-821X(02)00979-2
https://doi.org/10.1021/ac062339v
https://doi.org/10.1016/j.gca.2010.03.029
https://doi.org/10.1016/j.gca.2010.03.029
https://doi.org/10.1016/j.gca.2012.05.002
https://doi.org/10.1128/AEM.01681-12
https://doi.org/10.1194/jlr.m200148-jlr200
https://doi.org/10.1007/978-94-007-0668-2_2
https://doi.org/10.1111/gbi.12316
https://doi.org/10.1146/annurev-micro-092611-150128
https://doi.org/10.1146/annurev-micro-092611-150128
https://doi.org/10.1016/j.chemosphere.2007.07.051
https://doi.org/10.1002/rcm.1378
https://doi.org/10.1016/j.gloplacha.2013.06.011
https://doi.org/10.1016/j.gloplacha.2013.06.011
https://doi.org/10.1128/AEM.70.7.4411-4414.2004
https://doi.org/10.1371/journal.pone.0074983
https://doi.org/10.1371/journal.pone.0074983
https://doi.org/10.3389/fmicb.2020.00526
https://doi.org/10.3389/fmicb.2020.00526
https://doi.org/10.1126/science.1132876
https://doi.org/10.1111/1462-2920.13361
https://doi.org/10.1128/msystems.00546-21
https://doi.org/10.1594/PANGAEA.958465
https://doi.org/10.1594/PANGAEA.958465
https://doi.org/10.1016/j.csr.2022.104875
https://doi.org/10.1029/2004PA001041
https://doi.org/10.1038/nbt.1823
https://doi.org/10.1038/s41467-022-29264-x
https://doi.org/10.1016/j.epsl.2011.05.031

	Nitrosopumilus as main source of isoprenoid glycerol dialkyl glycerol tetraether lipids in the central Baltic Sea
	1. Introduction
	2. Materials and methods
	2.1. Working area
	2.2. Sampling of the suspended particulate matter
	2.3. DNA-based analysis
	2.4. Cell quantification
	2.5. IPL-GDGT analysis
	2.6. Core GDGT analysis

	3. Results
	3.1. Physicochemical conditions
	3.2. Total microbial (DAPI) and crenarchaeota (Cren537) cell counts
	3.3. Diversity of archaeal groups
	3.4. Phylogenetic placement of Ca. Nitrosopumilus
	3.5. Archaeal lipid abundance and distribution

	4. Discussion
	4.1. Potential GDGT source organisms in the Central Baltic Sea
	4.2. Factors influencing the distribution of IPL and core GDGTs in the central Baltic Sea
	4.3. Significance for GDGT-based indices

	5. Conclusion
	Data availability statement
	Author contributions

	 References

