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Thaumarchaeota are one of the most abundant groups of Archaea in the marine water column. Their
membrane consists of isoprenoid glycerol dibiphytanyl glycerol tetraethers (GDGTs) which are applied
in the widely used TEXgg proxy to reconstruct past sea surface temperatures (SSTs). However, in some
specific marine systems, such as the Mediterranean Sea, core-top TEXgs-derived temperatures do not
seem to reflect annual mean SSTs. This has been attributed to contributions of deep-water dwelling
Thaumarchaeota. Here, we investigate the potential causes of this bias by studying both the archaeal

j:?c/l‘;v:erfs" diversity as well as the intact polar lipid (IPL) GDGT composition in the Mediterranean water column
Thaumarchaeota by a combined 16S rRNA gene amplicon sequencing and a lipidomic approach on suspended particulate

Marine Euryarchaeota group II matter (SPM) at different water depths. The archaeal distribution showed a dominance of archaea other
Isoprenoid GDGTs than Thaumarchaeota, i.e. Marine Euryarchaeota group II and III in the upper epipelagic waters (0-
TEXgs 100 m deep), while Thaumarchaeota (Marine group I; MGI) dominated the subsurface and the deeper
Paleothermometer waters. This shift in the archaeal community composition coincided with a decrease in IPL GDGT-0 and
Mediterranean Sea increase of IPL crenarchaeol. The ratio of GDGT-2/GDGT-3 increased with water depth, but values were
lower than observed in deep marine waters of some other regions. The increase of the GDGT-2/GDGT-3

ratio coincided with the high relative abundance of deep-water MGI, which may be linked to the high

temperature and salinity found in specific water masses of the Mediterranean Sea. We conclude that

these particularities of the Mediterranean Sea are responsible for the overestimated SST based on TEXgg,

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Archaea of the phylum Thaumarchaeota (also known as Marine
group I, MGI) are among the most widespread and abundant
prokaryotes in the marine realm (Karner et al., 2001; Francis
et al., 2005; Teira et al., 2006). Their membrane lipids comprise
archaeal glycerol dibiphytanyl glycerol tetraethers (GDGTs) with
0-4 cyclopentane moieties as well as the specific GDGT, crenar-
chaeol, with 4 cyclopentane moieties and a cyclohexane moiety,
which is considered a specific biomarker for Thaumarchaeota
(Sinninghe Damsté et al., 2002a, 2002b; for a review see
Schouten et al., 2013). Members of the MGI are also capable of pro-
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ducing archaeol and methoxy-archaeol (Schouten et al., 2008;
Elling et al., 2017). Importantly, the distribution of thaumarchaeo-
tal GDGTs in the marine environment has been shown to be
affected by temperature, i.e. with increasing temperature there is
an increase in the relative abundance of cyclopentane-containing
GDGTs and a specific isomer of crenarchaeol (cren’; Sinninghe
Damsté et al., 2018). This has led to the development of the pale-
otemperature proxy TEXgs (TetraEther indeX of tetraethers con-
sisting of 86 carbon atoms) for reconstruction of past sea surface
temperatures (SSTs; Schouten et al., 2002). More recent and
extended sediment core-top studies resulted in additional indices
and novel calibrations (Kim et al., 2008, 2010; Tierney and
Tingley, 2015).

Although there are many indications that the TEXgg signal of
settling particles reaching the seafloor reflects the temperature of
the upper epipelagic waters of the oceans, there are two main
uncertainties. Firstly, the TEXgs signal may also be affected by

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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input of archaea other than Thaumarchaeota, which could poten-
tially synthesize some of the GDGTs involved in the TEXgg calcula-
tions. An earlier study has suggested that Marine group Il
Euryarchaeota (MGII) are significant contributors of GDGTs in
oceanic surface waters based on the combination of core lipid
(CL)-GDGT and 16S rRNA gene amplicon sequencing analyses
(Lincoln et al., 2014). However, these findings have been chal-
lenged (Schouten et al., 2014) and there are no cultured represen-
tatives of the MGII group to confirm this hypothesis. Secondly, it
has been suggested that TEXggs reflects subsurface temperature
instead of SST because most MGI archaea reside in subsurface
waters (50-200 m) (e.g., Huguet et al., 2007; Lopes dos Santos
et al., 2010; Kim et al., 2012). Considering this, several studies have
noted changes in the relative abundances of certain GDGTs (e.g., an
increase of the relative abundances of GDGT with 2 vs 3 cyclopen-
tane moieties) in marine suspended particulate matter (SPM) and
surface sediments with increasing water depth (Taylor et al,
2013; Hernandez-Sanchez et al., 2014; Kim et al., 2015). Although
the increase of the GDGT-2/GDGT-3 ratio alone with depth does
not affect TEXgg temperature, it does suggest the presence of a
(thaum)archaeotal population in deeper waters with a different
GDGT membrane composition than archaea existing in the subsur-
face waters and this may ultimately influence the sedimentary
TEXge signal.

In the Mediterranean Sea, this effect is particularly strong: the
GDGT distribution in surface sediments strongly varies with water
depth, even at relatively small spatial scales such as in the Balea-
ric Sea (Kim et al., 2015). When the four GDGTs used in the TEXgg
proxy were considered, the relative abundances of both GDGT-2
(and hence the GDGT-2/GDGT-3 ratio) and the crenarchaeol iso-
mer increased with increasing water depth. These increases result
in a bias towards higher TEXgg reconstructed temperatures com-
pared to annual SSTs in deep-water surface sediments. The fact
that this trend was also apparent in SPM collected at different
water depths suggested that this change might be due to a change
in the relative abundance of Thaumarchaeota species having dif-
ferent GDGT distributions in deep waters and that this signal is,
at least partly, incorporated into sedimentary GDGTs. Kim et al.
(2016) investigated the GDGT distribution in tandem with the
diversity of Thaumarchaeota in the SPM of the Mediterranean out-
flow water sampled at the Portuguese margin at water depths of
100-1000 m. Similar to observations in the Mediterranean Sea
itself, the relative abundances of both GDGT-2 and the crenar-
chaeol isomer increased with increasing water depth both in the
core lipids (CLs) as well as in the intact polar lipids (IPLs; based
on IPL-derived CL-GDGT analyses). Analysis of the genes encoding
for the thaumarchaeotal ammonia monooxygenase (amoA) and an
enzyme involved in the GDGT biosynthetic pathway revealed that
there was an increasing contribution of ‘deep water-dwelling’
Thaumarchaeota with increasing water depth that could poten-
tially explain the increase in relative abundance of both GDGT-2
and the crenarchaeol isomer. The combination of IPL-derived CL-
GDGT analysis with a DNA-based approach targeting Thaumar-
chaeota in Kim et al. (2016) proved to be extremely useful for dis-
cerning the contribution of different thaumarchaeotal
populations, but a potential contribution of other archaeal sources
was not addressed.

Here, we study the archaeal community in the Mediterranean
Sea water column by using 16S rRNA gene amplicon sequencing
of DNA extracted from the SPM obtained from three stations (west-
ern, middle and eastern). We combined the analysis of the archaeal
community composition with GDGT analyses by high resolution
accurate mass/mass spectrometry [UHPLC-HRMS]| with the aim
to determine the archaeal sources of the isoprenoid GDGT pool
present and their potential role explaining the bias of the TEXgg
in the Mediterranean Sea.

2. Materials and methods
2.1. Sampling and physicochemical analyses

SPM was collected in the Mediterranean during the NESSC
cruises in January and February 2016 on board of the R/V Pelagia.
SPM was sampled at three stations (western station;
36°44'59.9"N  1°29'59.4"W, middle station; 34°5809.0"N
18°06'47.1"E and the eastern station; 33°18'08”N 33°23'43"E,
respectively; further referred to as stations 1, 2 and 3; Fig. 1). Sam-
ples were obtained from different water depths corresponding to
different water masses in the Mediterranean Sea (Fig. 1). The upper
water mass, the Modified Atlantic Water (MAW) is formed as a
result of mixing Atlantic water with surface waters of the Alboran
Sea (Gascard and Richez, 1985). Below the MAW the more saline
intermediate water mass, the Levantine Intermediate Water
(LIW), is present, which is formed in the Levantine Sea (Wiist,
1961). The LIW spreads out across the Mediterranean Sea and is
the major contributor of the Mediterranean outflow into the Atlan-
tic. The Mediterranean Sea is also known to contain open-ocean
deep convections (e.g., Houpert et al., 2016). These convective pro-
cesses result in deep water mass formation in the Mediterranean
Sea (e.g., Castellari et al., 2000). The Western Mediterranean Deep
Water (WMDW) formed in the Gulf of Lions (MEDOC group, 1970)
and the Eastern Mediterranean Deep Water (EMDW) formed of
Adriatic Deep Water (Pollak, 1951; Artegiani et al., 1997) and the
Aegean Deep Water (Roether et al., 1996).

Three McLane WTS-LV in situ pumps (McLane Laboratories Inc.,
Falmouth, MA, USA) were deployed at various depths (Supplemen-
tary Table S1). Water (68-1545 L) was filtered using pre-ashed
glass fiber (GF75) filters (Whatman, 0.3 ym pore size and
142 mm in diameter; Supplementary Table S1). Larger pore size
(0.7 um; GF/F) filters were also used at station 1 at 25, 40 and
100 m below sea level (mbsl; Supplementary Table S1). The filters
were immediately stored at -80 °C after retrieval of the pumps.

A Sea-Bird SBE911+ conductivity-temperature-depth (CTD)
system equipped with a 24 x 12 L Niskin bottle rosette sampler
was used to collect continuous profiles of temperature, salinity
and dissolved oxygen (0,), the latter using a Sea-Bird oxygen elec-
trode (Sea-Bird, WA, USA). A Chelsea Aquatracka MKIII fluorometer
was used to record fluorescence (Supplementary Table S1). Dis-
solved inorganic nutrients were analyzed in water from Niskin bot-
tles sub-sampled with 60 mL high-density polyethylene syringes
with a three-way valve and filtered over Acrodisc PF syringe filters
(0.8/0.2 um Supor Membrane, PALL Corporation) into pre-rinsed
5 mL polyethylene vials. Water samples for the determination of
the dissolved phosphate (PO3") and inorganic nitrogen (NO3, NO,
and NH3) concentrations were stored frozen at -20 °C until analy-
ses upon return at NIOZ. Samples for dissolved reactive silicate (Si)
analysis (Strickland and Parsons, 1968) were stored in the dark at
4°C until analyses at NIOZ. The detection limits were PO3"
0.007 pmol L=, NH} 0.03 pumol L7, NO3 + NO3 0.01 pmol L~! and
NO3 0.002 pmol L1,

2.2. Lipid extraction and analyses

Total lipids were extracted from SPM collected on 0.3 and
0.7 um pore size glass fiber filters (samples taken at 25, 40 and
100 mbsl at station 1 were collected on 0.7 um pore size glass fiber
filters, the rest of the samples on 0.3 um pore size glass fiber fil-
ters). After freeze-drying the filters were extracted using a modi-
fied Bligh and Dyer method as previously described by Schouten
et al. (2008). C16-PAF (1-O-hexadecyl-2-acetoyl-sn-glycero-3-
phosphocholine) was added as an internal standard after which
the extracts were dried under a stream of nitrogen. The extracts
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Fig. 1. (A) Map of the Mediterranean Sea revealing the locations of the sampling stations. Water depth is color indicated by the bathymetry legend on the right. (B) vertical
distribution of Mediterranean Sea water masses. Modified from GRID-Arendal (http://www.grida.no/resources/5885) based on Hopkins (1985) and Zavaterelli and Mellor

(1995). Note: depth axis is not to scale and note the break in the axis scale.

with the added standard were then dissolved by adding solvent
(hexane:isopropanol:H,0 718:271:10, v/v/v) and filtered through
a0.45 um, 4 mm diameter True Regenerated Cellulose syringe filter
(Grace Davison, Columbia, MD, USA).

IPLs were analyzed according to Besseling et al. (2018), a
method based on Sturt et al. (2004). Briefly, samples were analyzed
using an Ultimate 3000 RS UHPLC, equipped with thermostated
auto-injector and column oven, couple to a Q Exactive Orbitrap
MS with Ion Max source and heated electrospray ionization (HESI)
probe (Thermo Fisher Scientific, Waltham, MA), was used. Separa-
tion was achieved on a YMC-Triart Diol-HILIC column
(150 x 2.0 mm, 1.9 um particles, pore size 12 nm; YMC Co., Ltd,
Kyoto, Japan) with a guard column of the same material
(10 x 2.1 mm). The same inclusion list was used as in Besseling
et al. (2018). All samples were run in duplicate and the average
IPL-GDGT distribution is reported, assuming identical response fac-
tors for all IPLs.

Peak areas for each individual IPL were determined by integrat-
ing the combined mass chromatogram (within 3 ppm) of the

monoisotopic and first isotope peak of all relevant adducts formed
(protonated, ammoniated and/or sodiated adducts may be formed
in different proportions depending on the type of IPL). PAF was
used to assess LC-MS performance and potential matrix effects.
Absolute quantification of IPL GDGTs was not possible due to a lack
of standards. IPLs of crenarchaeol and crenarcheol isomer are not
separated and thus peak areas reported for any crenarchaeol IPL
represents the sum of both isomers.

Bligh and Dyer extracts were dried under a stream of nitrogen
and dissolved in a mixture of hexane:propanol (99:1, v/v) and fil-
tered through 0.45 mm polytetrafluorethylene (PFTE) filters.
GDGTs present in these extracts were analyzed on an Agilent
1260 UHPLC coupled to a 6130 quadrupole MSD in selected ion
monitoring (SIM) mode, according to Hopmans et al. (2016). The
injection volume was 10 ul and selected ion monitoring of the [M
+H]" was used to detect the different GDGTs. C46 GDGT was used
as an internal standard to quantify GDGTs (Huguet et al., 2006b).

For sea surface temperature (SST) reconstructions the TEX‘;6
index was used as proposed by Kim et al. (2010). The TEX?6 index
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is a logarithmic function of the TEXss index developed by Schouten
et al. (2002):

[GDGT — 2] + [GDGT — 3] + [cren]

H _
TEXss = 108 (oD eT 1]+ [GDGT - 2] + [GDGT - 3) + [eren]

TEX!Lvalues were converted to SSTs applying the deep restricted
basin core top calibration (composed of Mediterranean Sea (Kim
et al., 2015) and the northern Red Sea (Trommer et al., 2009) surface
sediments collected at> 1000 mbsl) as suggested by Kim et al.
(2015):

SST = 56.3 x TEX!; + 30.2 2)

2.3. Nucleic acids extraction and quantitative PCR (QPCR) analyses

DNA was extracted from the glass fiber filters with the RNA
PowerSoil® Total Isolation Kit plus the DNA elution accessory
(Mo Bio Laboratories, Carlsbad, CA). the concentration of DNA
was quantified by Nanodrop (Thermo Scientific, Waltham, MA).
Archaeal 16S rRNA gene copies were estimated by quantitative
PCR (QPCR) using the following primers: Parch519F and ARC915R
(archaeal 16S rRNA gene), as previously described (Pitcher et al.,
2011a, 2011b). For details on the QPCR conditions, efficiency and
R? of the QPCR assays see Supplementary Table S2.

2.4. 16S rRNA gene amplicon sequencing, analysis, and phylogeny

PCR reactions were performed with the general prokaryotic pri-
mers S-D-Arch-0159-a-S-15 and S-D-Bact-785-a-A-21 (Klindworth
et al., 2013) using 454 GLX sequencing with a single-ended
approach as described in Moore et al. (2015). The archaeal 16S
rRNA gene amplicon sequences were analyzed by QIIME v1.9
(Caporaso et al., 2010). Raw sequences were demultiplexed and
then quality filtered with a minimum quality score of 25, length
in the range 250-350, and allowing up to two mismatches in the
barcode sequence. Taxonomy was assigned based on blast and
the SILVA database version 128 (Altschul et al., 1990; Quast
et al.,, 2013). Representative operational taxonomic units (OTUs;
based on 97% sequence identity) sequences of archaeal groups
were extracted through filter_taxa_from_otu_table.py and filter_-
fasta.py with QIIME (Caporaso et al., 2010). OTUs comprised of
<50 16S rRNA gene amplicon reads were discarded. The phyloge-
netic affiliation of the partial archaeal 16S rRNA gene sequences
was compared to release 128 of the Silva NR SSU Ref database
(http://www.arb-silva.de/; Quast et al., 2013) using the ARB soft-
ware package (Ludwig et al., 2004). Sequences were added to the
reference tree supplied by the Silva database using the ARB Parsi-
mony tool. Affiliation of any 16S rRNA gene sequences to a given
subgroup was done assuming a similarity cutoff of >85%.

The water column was not evenly sampled in our study (with a
higher density of sampling points in the (sub)surface in compar-
ison to the deeper part of the water column; Fig. 1). In order to give
a more realistic estimation of abundances of the archaeal OTUs in
the Mediterranean water column, the archaeal copy number (16S
rRNA gene copies L™!) at a certain water depth was multiplied by
the relative abundance of that specific OTU (in % of all archaeal
reads). To minimize the bias of sampling resolution, the meters
of the water column covering the distance between sampling
points were multiplied by the abundance. The estimated abun-
dances were then divided by the water column depths to get
depth-integrated estimated abundances per OTU. These depth-
integrated estimated abundances were used to rank the OTUs
within each archaeal group, i.e. MGI, MGIl and marine eur-
yarchaeota group III (MGIII) and named accordingly (i.e. OTU-1
represents the most abundant within an archaeal group, OTU-2 s

most, etc.). The three MG compositions, based on the depth-
integrated abundances, at the three different stations were com-
pared by Spearman’s rank correlation coefficient analyses.

2.5. Clone library, sequencing and phylogenetic analyses of ammonia
monooxygenase (amoA) coding gene fragments

The amoA gene fragments were amplified as described by
Yakimov et al. (2011). The PCR mixture was the following (final
concentration): Q-solution 1 x (PCR additive, Qiagen, Valencia,
CA, USA); PCR buffer 1x; BSA (200 pg ml~!); dNTPs (20 pM); pri-
mers (0.2 pmol pl~'); MgCl, (1.5mM); 1.25 U Taq polymerase
(Qiagen). The PCR conditions for these amplifications were the fol-
lowing: 95°C, 5min; 35 x (95°C, 1 min; 55°C, 1 min; 72 °C,
1 min); final extension 72 °C, 5 min. The PCR products were gel-
purified (QIAquick gel purification kit, Qiagen) and cloned in the
TOPO-TA cloning® kit from Invitrogen (Carlsbad, CA, USA) and
transformed in Escherichia coli TOP10 cells following the manufac-
turer’s recommendations. Recombinant clones plasmid DNAs were
purified by Qiagen Miniprep kit and screening by sequencing
(n=288) using M13R primer by BaseClear (Leiden, The Nether-
lands). Obtained archaeal amoA protein sequences were quality
checked and aligned with already annotated amoA sequences by
using the ClustalW Multiple alignment (Thompson et al., 1994):
this resulted in n=244 good quality sequences. A phylogenetic
tree was constructed with MEGA7 (Kumar et al., 2016) with the
neighbor-joining method (Saitou and Nei, 1987) with a bootstrap
test of 1000 replicates. Phylogenetic trees were drawn using iTOL
(Letunic and Bork, 2016).

2.6. Data availability

The CL- and IPL-GDGT data have been submitted to Pangaea.
Sequence data of the partial 16S rRNA gene sequences have been
submitted to the BioSample database under bioproject PRINA524865
with accession no: SAMN12106735-SAMN12106766. Sequence
data of partial amoA gene sequences have been submitted to the
GenBank database under accession no: MK592163-MK592407.

3. Results
3.1. Physicochemistry of the water column

At stations 1, 2 and 3 (western, middle and eastern Mediter-
ranean Sea; respectively; Fig. 1) water column SPM samples were
taken at >10 different water depths, ranging between 25 and
3530 mbsl, during the winter of 2016. The water depth at these
stations varied greatly (1963, 3609 and 1720 mbsl, respectively)
due to the topography of the basin. The water column was fully
oxygenated at all stations (oxygen levels of 172-252 umol kg™1)
at the time of sampling. Salinity ranged between 37.9 practical
salinity units (psu) and 39.1 psu (Supplementary Table S1). Ammo-
nia concentrations declined with increasing depth at stations 1 and
3 (from 0.13 pmol L™! at the surface to 0.10 pmol L™! at the greatest
depth and from 0.20 to 0.15 umol L, respectively), while in sta-
tion 2 the levels increased from 0.10 to 0.18 pmol L™! (Supplemen-
tary Table S1). Temperatures in the water column were in the
range 13.1-14.1°C at station 1, 13.9-17.2°C at station 2 and
13.8-19.0 °C at station 3 (Supplementary Table S1). Concentration
maxima of nitrite (NO3) were detected at 40, 90 and 100 mbsl at
stations 1, 2 and 3, respectively (Supplementary Table S1).
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3.2. Archaeal abundance and diversity

Archaeal 16S rRNA gene abundance was estimated by quantita-
tive PCR using general archaeal primers. At the surface (25 mbsl) of
station 1, the copy number was 1.1 x 10® gene copies L™! and
increased sharply to 6.3 x 10 gene copies L™! at 100 mbsl
(Fig. 2). Maximum abundance was reached at 500 mbsl
(8.3 x 10® gene copies L!), with a subsequent decline with
increasing depth to 3.5 x 107 gene copies L' at 1300 mbsl
(Fig. 2). At 1500 mbsl, another maximum was detected with
1.9 x 10® gene copies L', and subsequently a decrease to
4.6 x 10”7 gene copies L™ at 1900 mbsl (Fig. 2). At the surface
(25 mbsl) of station 2, archaeal 16S rRNA gene abundance values
were 5.4 x 107 gene copies L™ and reached a maximum at 150
mbsl (3.4 x 10® gene copies L™!). With increasing depth, values
decreased to 1.7 x 107 gene copies L™! at 1800 mbsl (Fig. 2). The
abundance declined further to 7.7 x 10° gene copies L™! at 3530
mbsl (Fig. 2). At station 3, the abundance at the surface (25 mbsl)
was 4.6 x 107 gene copies L™!, which was slightly higher than at 75
and 100 mbsl (Fig. 2). Maximum abundance was detected at 300
mbsl with 4.3 x 10® gene copies L. It then declined to 2.3 x 10°
gene copies L™! at 1300 mbsl and sharply increased to 6.6 x 107
gene copies L~! at 1700 mbsl (Fig. 2).

Based on the results of the 16S rRNA gene amplicon sequencing
approach, the archaeal 16S rRNA gene reads were predominantly
closely related to three archaeal lineages, the MGI Thaumarchaeota
and MGII and III Euryarchaeota (Fig. 2). Minor groups, representing
<4% of all archaeal reads, i.e. the Woesearchaeota from the super-
phylum DPANN (Rinke et al., 2013; Castelle et al., 2015) and mar-
ine benthic group A (MBG-A), were also detected. MGI was the
major archaeal group for most of the water column (100 mbsl
and deeper waters) representing 39-74% of all archaea (Fig. 2; Sup-
plementary Table S6). In contrast, in surface waters, which contain

an order of magnitude lower concentrations of archaeal cells, they
represented only 15-33% of all archaea of the three stations. The
surface waters (25-40 mbsl) at stations 1 and 2 were dominated
by MGII (47-84%; Fig. 2 and Supplementary Table S6), while in sur-
face waters (25 mbsl) of station 3 MGIII was the most abundant
archaeal group (40%; Fig. 2). With increasing water depth, the rel-
ative abundance of MGII decreased to 24% (1900 mbsl), 15% (3530
mbsl) and 10% (1700 msbl) at stations 1, 2 and 3, respectively
(Fig. 2). MGIII was less dominant at the subsurface (100-500 mbsl)
compared to the surface of stations 2 and 3 with 3-25% relative
abundance, MGIII was more dominant at the subsurface of station
1 (up to 7%) compared to the surface (Fig. 2). Relative abundances
of MGIII increased at all three stations with increasing depth to
27%, 41% and 35% at stations 1, 2 and 3, respectively (Fig. 2).
Based on the 16S rRNA gene amplicon sequencing approach, 30
operational taxonomic units (OTUs; based on >97% sequence iden-
tity and with a >50 gene read cut-off) belonging to MGI were
detected; these OTUs were present at all three stations (Supple-
mentary Table S3). The five most abundant MGI OTUs in our data-
set (estimated by multiplying the relative abundance (%) of reads
for an OTU with archaeal 16S RNA abundance; see Materials and
methods for details) together accounted for 67% of the estimated
depth-integrated abundance of the 30 MGI OTUs detected. These
OTUs differed in their niches in the water column as revealed in
the heatmap of Fig. 3. Heatmaps for all 30 OTUs are shown in
Supplementary Fig. S2 for each station. OTU-1, the overall most
abundant OTU in our dataset (Supplementary Fig. S2), dominated
in the bottom waters (for stations 1, 2 and 3 at 1900, 1800 and
1700 mbsl, respectively; Fig. 3 and Supplementary Fig. S2), while
OTU-5 was predominant at the subsurface depths 25, 90 and 75
mbsl (Fig. 3 and Supplementary Fig. S2). Correlation between
estimated abundances for the 30 OTUs at each station, based on
Spearman’s rho rank correlation coefficients (r;), showed strong

Station 1 Station 2 Station 3
Abundance
(16S rRNA gene copies L)
0 5x10° 1x10° 0 2x10° 4x10° 0 2x10° 4x10° 6x10°
25 - 4

/

500

1000

~ 1500

£

E o = MGI

MGII
= MGIII

2500
3000 -
3500

7

Fig. 2. Archaeal abundance profiles showing the absolute abundance (in archaeal 16S rRNA genes copies L™! as determined by Q-PCR) for the three stations. Archaeal
community composition for the three major groups of archaea is also given and based on 16S rRNA gene amplicon sequencing.
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Fig. 3. Heatmap of the five most abundant operational taxonomic units (OTUs;
based on >97% 16S rRNA gene similarity) of the three main archaeal groups (MGI-
IIT) per station. Heatmap colors are indicative of the relative abundance per OTU per
marine archaeal group (green = low relative abundance, red = high). MGIII OTUs (1-
5) at station 1 (25 and 40 mbsl) and at station 2 (25 mbsl) are not shown because of
low read numbers (<20 sequence reads). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

correlations between the MGI community composition of station 1
and of station 2 (r;=0.80, p<0.001) and station 3 (rs=0.74,
p <0.001; Supplementary Table S3). MGI community composition
between stations 2 and 3 were also highly correlated (r; = 0.89,
p <0.001; Supplementary Table S3).

The phylogeny of the sequences of the MGI OTUs (Fig. 4)
revealed that only a minor proportion (3 out of 30) of the OTUs
were related to most cultivated MGI Thaumarchaeota (e.g.,
Nitrosopumilus maritimus) falling in cluster I, while the majority
of OTUs were related to uncultured MGI species falling in clusters
Il and III (Fig. 4). The uncultured MGI OTUs are quite diverse and in
many cases closely related to other marine uncultured MGI 16S
rRNA gene sequences, often retrieved from greater water depths.
The diversity of MGI OTUs was further investigated by sequencing
the thaumarchaeotal amoA gene, encoding the alpha-subunit of the
enzyme ammonia monooxygenase. We amplified and sequenced a
fragment of the amoA gene by PCR at three different depths at each
station (one in epipelagic, one in mesopelagic and one in bathy-
pelagic waters; for station 1: at 100, 500 and 1500 mbsl], for station
2: at 150, 800 and 2380 mbsl, for station 3: at 25, 300 and 1700
mbsl). Phylogeny and classification was based on a recent amoA
gene database (La Cono et al., 2018). Throughout the water column,
diverse MGI communities were detected and classified as ‘shallow’
and ‘deep’ water type based on their amoA gene sequence (Fig. 5)
and amino acid differences (e.g., Supplementary Fig. S8)
(cf. Francis et al., 2005; Hallam et al., 2006; Mincer et al., 2007,
Beman et al., 2008). We detected a clear shift from dominance of
the ‘shallow water’ amoA type to predominance of the ‘deep water’
amoA type with increasing depth at all three stations (Fig. 5).
The ‘shallow water’ group of amoA gene sequences contained 2
subclusters and the ‘deep water’ group contained 4 subclusters

(Supplementary Fig. S7A and B; cf. La Cono et al., 2018; Sintes
et al., 2016). A minor proportion of amoA gene sequences predom-
inantly present in the upper surface water (25 mbsl, obtained at
station 3) grouped into subcluster 1 (Supplementary Fig. S7A),
comprising amoA gene sequences of surface dwelling Nitrosop-
umilus (i.e. Candidatus N. adriaticus and Ca. N. piranensis; Bayer
et al,, 2016), as well as amoA gene sequences of Ca. Nitrosopumilus
koreensis and Ca. N. sediminis isolated from marine sediments
(Park et al., 2014). Most of the ‘surface-dwelling’ MGI Thaumar-
chaeota detected in the epipelagic zone were grouped into subclus-
ter 2 (Supplementary Fig. S7A). This subcluster contains amoA
sequences from all three stations and from all depths (except from
1700 mbsl at station 3; Fig. 5). Most of the obtained amoA gene
sequences were clustered in the ‘deep water’ group, with the
majority grouped into subcluster 3, lower relative abundances
were clustered in subgroup 4, 5 and 6 (Supplementary Fig. S7B).
As the ‘deep water’ group only contains uncultured Thaumar-
chaeota, their amoA sequences cannot be linked to cultured Thau-
marchaeota as observed for the MGI 16S rRNA gene sequences.

Thirteen MGII OTUs (again defined on the basis of >97%
sequence identity) were identified at the three stations (Fig. 3
and Supplementary Fig. S3). OTU-1 of MGII (the most dominant
MGII OTU overall) was most abundant within the bathypelagic
zone (>1000 mbsl) for all three stations (Fig. 3). OTU-2 was most
dominant at the subsurface (100-300 mbsl) for all three stations
(Fig. 3). OTU-3 was dominant (based on the relative abundance)
in surface waters of stations 2 and 3 but was mostly detected at
greater depths (500-1300 mbsl) at station 1 (Fig. 3). MGII commu-
nities between the three stations were compared by correlating the
estimated abundances of the 19 OTUs per station. The MGII com-
munity composition was only weakly correlated between station
1 and stations 2 and 3 (r,=0.60, p<0.05 and r;=0.49, p<0.1,
respectively; Supplementary Table S3). However, between station
2 and 3, the MGII community composition showed a stronger cor-
relation (r; = 0.87, p < 0.001; Supplementary Table S3).

Six MGIII OTUs were detected in the water column of the three
stations (Fig. 3 and Supplementary Fig. S4). OTU-1 of MGIII was
detected mostly within the bathypelagic zone (>1000 mbsl) at all
three stations (Fig. 3). The highest relative abundance of MGIII
OTU-2 was detected at the subsurface (250 and 150 mbsl for sta-
tions 2 and 3, respectively) or within the mesopelagic zone (500
mbsl at station 1; Fig. 3). OTU-3 was most dominant in surface
waters (0-100 mbsl) at all three stations (Fig. 3). A significant cor-
relation, based on Spearman’s rho rank correlation coefficients, of
the estimated abundances of the six MGIII OTUs was observed
between the three stations (r;=0.89, p <0.05; Supplementary
Table S8).

3.3. Archaeal lipid abundance and distribution in the water column

The archaeal intact polar lipids (IPLs) consisted of GDGT-0 to
GDGT-4 and crenarchaeol with monohexose (MH), dihexose (DH)
and hexose-phosphohexose (HPH) headgroups (Fig. 6). Other
archaeal membrane IPLs (including archaeol IPLs) were targeted
in the UHPLC-HRMS analysis but not detected (for a list of targeted
IPLs, see Besseling et al., 2018). The IPL-GDGTs were detected in all
SPM samples with the exception of the surface waters of station 2
(25 and 75 mbsl) and at 75 mbsl of station 3 (Fig. 6). Maximum
concentrations of IPL-GDGTs (expressed in response units L7!)
were detected in subsurface waters (i.e. at stations 1 and 3 at
300 mbsl and at station 2 at 250 mbsl) (Fig. 6). For station 1, only
HPH-GDGTs with GDGT-0 and crenarchaeol core lipid were
detected (53% and 47% relative abundance, respectively; Fig. 6) at
25 mbsl. At 40 mbsl, the headgroup DH was also observed in com-
bination with GDGT-1, GDGT-2 and crenarchaeol (Fig. 6). At 100
mbsl, the majority of IPL-GDGTs detected had the headgroup DH
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but also IPL-GDGTs with the headgroup MH, in combination with
CLs GDGT-0 and crenarchaeol (Fig. 6) were detected. For station
2, IPLs with GDGT-0, GDGT-2 and crenarchaeol were detected with
the headgroups DH (DH-GDGT-2) or with HPH (HPH-GDGT-0 and
HPH-crenarchaeol) at 90 mbsl (Fig. 6). At 150 mbsl, the majority
of IPLs contained a DH headgroup and this remained the dominant
headgroup with increasing depth (Fig. 6). At station 3, IPL-GDGTs
were detected at 25 mbsl but not at 75 mbsl. The IPLs at 25 mbsl
consisted mostly of the headgroup HPH in combination with
GDGT-0 and crenarchaeol. A minor abundance of DH GDGT-2
was also observed. Generally, with increasing depth, the relative
abundance of HPH-IPLs decreased and DH-IPLs increased (Fig. 6).

The summed concentration of core lipid (CL-) GDGTs (i.e. GDGTs
present without a head group) was on average highest at station 1
(ranging from 70 to 820 pg L™!) with a maximum at 100 mbsl
(Fig. 7). Summed concentrations of CL GDGTs in stations 2 and 3
ranged from 20 to 160 pg L™! and 30 to 190 pg L', respectively,
(Fig. 7) with maxima at 250 and 300 mbsl, respectively (Fig. 7). After
the maximum in the concentration profile, all stations showed a
steady decrease in CL GDGT concentrations with increasing depth
(Fig. 7). CL archaeol was detected in concentrations <5% of the
summed GDGTs. The distribution of the CL-GDGTs (Fig. 8) showed
less variation over the water column than the GDGT core distribu-
tion of the IPLs (see above). Crenarchaeol was the most abundant
GDGT with a relative abundance ranging from 50 to 59%, followed
by GDGT-0, ranging from 14 to 32% (Fig. 8). Other detected GDGTs

were GDGT-1 to GDGT-4 and cren’ (Fig. 8). GDGT-3 and GDGT-4
were generally only minor compounds, with the exception of
GDGT-3 at 75 mbsl at station 3 (12%). The relative abundance of
GDGT-2 increased with greater depth at stations 1 and 3, up to
300 mbsl. However, this increase was much less apparent at station
2 (Fig. 8). GDGT-1 relative abundances increased at stations 2 and 3,
up to 250 and 300 mbsl, respectively (Fig. 8). Cren’ relative abun-
dances increased up to 250 mbsl at station 2 and up to 300 mbsl
at stations 1 and 3, but for station 1 this increase was less apparent
(Fig. 8). The relative abundance of GDGT-0 decreased with greater
increasing depth (up to 250 mbsl at station 2 and up to 300 mbsl
at stations 1 and 3) and increased with greater depth below 500
mbsl at station 2; this increase was not observed at the other
stations (Fig. 8).

Surface sediments (0-1cm) underlying the sampled stations
were also analyzed for their CL-GDGT distribution. Sedimentary
CL GDGTs were dominated by crenarchaeol followed by GDGT-0
at all three stations. The distribution of CL GDGTs in the surface
sediments highly correlates (r > 0.99) with the CL GDGTs composi-
tion of the overlying water column.

34. TEX ctemperature reconstructions

TEXY, values were calculated based on the CL GDGTs in the
surface sediments collected below the studied water columns.
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Atstation 1, the TEX§ value was -0.187 + 0.001 (standard deviation,
obtained by analyzing three different surface sediment samples per
station). This resulted in a TEX'S‘6 temperature of 19.7 °C (calculated
using the specific Mediterranean calibration of Kim et al., 2015). At
station 2, the TEX§, value was -0.131 + 0.001, which corresponds
to a TEXg; temperature of 22.8 °C. At station 3, the TEXj value was
-0.132 + 0.002, with a TEX; temperature of 22.8 °C.

4. Discussion

4.1. A diverse archaeal community composition throughout the water
column

In this study, we observed distinctly different distributions of
the archaeal groups MGI, II and III throughout the Mediterranean
water column. In our study, the same dominant archaeal OTUs
were detected with fairly similar distributions among the three
stations (Fig. 3; Supplementary Figs. S2-S4), despite the vast hori-
zontal distance between them, suggesting that the distribution of
these OTUs at our three stations can be taken as representative
of the archaeal diversity and distribution throughout the Mediter-
ranean Sea. In agreement with our work, De Corte et al. (2009)
showed that the archaeal community composition was highly
stratified with depth in the eastern Mediterranean Sea and associ-
ated with different water masses. Galand et al. (2010) reported a
strong seasonality of the archaeal community composition within
shallow coastal NW Mediterranean Sea water, with a dominance

of Euryarchaeota in winter. Our samples were also obtained in
winter (January and February), and within surface waters
(25 mbsl) either MGII (stations 1 and 2) or MGIII (station 3) Eur-
yarchaeota were dominant (Fig. 2 and Supplementary Fig. S4), in
agreement with the study of Galand et al. (2010). The dominance
of Euryarchaeota within the surface waters of the Mediterranean
Sea has also previously been observed (Tamburini et al., 2009;
Zhou et al., 2018). This is compatible with their potential metabo-
lism, as determined from metagenomics, which suggests that they
might be able to use light-derived energy and cope well with UV
radiation stress (Frigaard et al., 2006; Iverson et al., 2012;
Martin-Cuadrado et al., 2014). From 100 m downwards, MGII and
MGIII Euryarchaeota still contribute a substantial part of the total
archaeal population with values ranging from 27 to 56% of the total
archaea (Fig. 2). Certain OTUs of the MGII and MGIII Euryarchaeota
show, however, a preference for deep waters (>1500 mbsl), i.e.
OTU-1 (Fig. 3). Deep-water samples collected in this study (from
500 m downwards) correspond to the West Mediterranean Deep
Water (WMDW, station 1), and the East Mediterranean Deep
Water (EMDW, stations 2 and 3) water masses. These stations
are all characterized by relatively high bottom water temperatures
(e.g., 13-14 °C; Supplementary Table S1), which remain >12.5 °-
Cyear round (Wiist, 1961), which is considerably warmer than
deep water temperatures in the global ocean (Sverdrup et al.,
1942).

The higher irradiance and UV-induced stress in surface waters,
which favors the Euryarchaeota, is believed to have a negative
influence on the surface water abundance of MGI Thaumarchaeota,
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Station 1 Station 2 Station 3
IPL-GDGTs response units L™
0 200 400 0 100 200 0 100 200
25 25 25
40 75
75
100 90
100
300 150
500
= 250 150
e 700
= 500 300
B 900
800
= 1100 500
1800
1300 800
1500 2380
1300
1700 2980
1900 3530 1700
0 500 1000 0 100 200 0 100 200
CL-GDGTs (pg L™
mIPL uCL
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which are known to have a niche preference for subsurface waters 2018). Indeed, our study shows that MGI archaea have a much
(approximately 50-500 m depth, (Massana et al., 2000; Pitcher higher abundance (both relative and absolute) in subsurface
et al., 2011b; Beman et al., 2012; Lincoln et al., 2014; Sollai et al., waters (100-300 mbsl) compared to the surface (0-100 mbsl),
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but are also found up to 500 m depth. This is different from the
North Atlantic where the maximum abundance of Thaumarchaeota
is typically located at around 100 m depth and then consistently
decreased with increasing depth (Herndl et al., 2005). Thus, in
the Mediterranean there exists an expanded, deeper niche for
MGI Thaumarchaeota, which coincides with the Levantine Inter-
mediate Waters (LIW) and the underlying deep water masses in
the Mediterranean Sea water column (Fig. 2). Indeed, Techtmann
et al. (2015) already reported MGI Thaumarchaeota as dominant
members of the prokaryotic community within the LIW and the
Eastern Mediterranean Deep Water (EMDW) and concluded that
their high relative abundance was indicative of the LIW. The LIW
which is flowing from the eastern to the western basin at approx-
imately 100-600 m depth is characterized by a (relatively) high
salinity and temperature (38.5-39.1 psu and 13.3-18.9 °C, respec-
tively) in comparison with similar depths in other ocean basins.
These could be the physicochemical factors favoring an increased
abundance of MGI Thaumarchaeota in these deeper water masses.

Specific MG1 OTUs, i.e. OTU-5, were present from the surface to
approximately 500 m depth, comprising both the surface Modified
Atlantic Water (MAW) as well as the LIW (Fig. 3). The 16S rRNA
gene sequences of these OTUs are closely related to thaumarchaeo-
tal 16S rRNA gene sequences previously detected in the Black Sea
surface (Sollai et al., 2018) and in the Atlantic Ocean (Bergauer
et al., 2018) (Fig. 4). The close phylogenetic association of these
thaumarchaeotal OTUs with thaumarchaeotal 16S rRNA gene
sequences previously detected in marine waters with high salinity
and temperature regimes suggests that these OTUs might be thau-
marchaeotal species better adapted to these conditions. Specific
thaumarchaeotal MGI OTUs were preferentially found in deep
waters (e.g., OTU-1 and OTU-2; Fig. 3), indicating a clear niche dif-
ference for various thaumarchaeotal OTUs. Changes in the diversity

of MGI Thaumarchaeota throughout the water columns are also
evident from the observed variations in ammonia monooxygenase
(amoA) gene sequences, which have been previously used to clas-
sify Thaumarchaeota as ‘shallow’ and ‘deep water’ type (e.g.,
Francis et al.,, 2005; Beman et al., 2008; Yakimov et al., 2011;
Sintes et al., 2013). In the Mediterranean Sea, the shallow amoA
cluster dominated at the surface (25 mbsl, station 3) and subsur-
face (100 and 150 mbsl, stations 1 and 2, respectively; Fig. 5), with
sequences closely related to sequences previously detected in, for
example, the Mediterranean (accession number MF662834 in
Fig. 6; La Cono et al., 2018), Antarctic coastal waters (EU239020;
Kalanetra et al., 2009) and Monterey Bay, California (DQ148839;
Francis et al., 2005). In the deeper waters (>300 mbsl) amoA gene
sequences falling in subclusters 3-6 dominated; these subclusters
are affiliated to those of deep-water Thaumarchaeota (Sintes et al.,
2016; La Cono et al., 2018; Supplementary Fig. S7). Little is known
about the physiology of the deep-water MGI Thaumarchaeota since
there are currently no cultured representatives. Their niche has
been previously linked to much reduced ammonium concentra-
tions in deep waters requiring distinct amoA genes (Sintes et al.,
2016; Supplementary Fig. S8). An adaptation of the ammonia
monooxygenase enzyme could increase the affinity towards
ammonia or even broaden the spectrum of available substrates
as proposed by Smith et al. (2016). However, the Mediterranean
Sea is characterized by (ultra)oligotrophic conditions (Krom
et al,, 1991) and the ammonia concentrations are low throughout
the water column (e.g., at station 1: 0.02-0.13 pmol L™'; Supple-
mentary Table S1). It could be that the high affinity for ammonia
by Thaumarchaeota is causing these low ammonia concentrations.
However, this conversion of ammonia likely would have resulted
in an increase of nitrite concentrations in the water column which
was not observed (Supplementary Table S1). Therefore it is hard to
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imagine that the observed niche differentiation of Thaumarchaeota
in the Mediterranean Sea is actually linked to differences in ammo-
nia affinity attributed to the deep-water Thaumarchaeota.

Although the deep-water masses West Mediterranean Deep
Water (WMDW) and East Mediterranean Deep Water (EMDW)
originate from different locations, the deeper water MGI commu-
nity compositions were similar (Fig. 3); i.e., in the three stations
the dominant Thaumarchaeotal MGI OTU was OTU-1 (>50% aver-
age relative abundance in the deeper water masses; Supplemen-
tary Table S2). The physical properties of the WMDW and the
EMDW were similar at the sampling locations and during the time
of sampling (Supplementary Table S1), including NH; concentra-
tions, suggesting the Thaumarchaeota MGI OTUs found in the deep
water basins of the Mediterranean Sea are also adapted to this
niche, independent of the original provenance of the water mass.
Time of sampling in this case, even for the deep-water masses,
was probably a determining factor for the archaeal community
composition. Winter et al. (2009) also showed that the deep
archaeal community was affected by vertical mixing in the
Mediterranean Sea and that this seasonal effect could be as
dynamic as observed at the surface.

4.2. Archaeal lipid composition in the water column of the
Mediterranean Sea

In our study, we screened for a wide range of known and poten-
tial head group combined with archaeal core lipids (see Besseling
et al. (2018) for a list of targeted compounds). However, only the
IPLs with head groups MH, DH and HPH in combination with dif-
ferent CL-GDGTs were detected (Fig. 6). The concentration of these
summed IPLs peaked at all three stations at 250-300 mbsl and
were substantially lower in surface (0-100 m; except for Station
1) and deeper (>500 m) waters (Fig. 7), generally in good agree-
ment with the depth distribution of the abundance of archaeal
copy numbers (Fig. 2). No archaeal IPLs were detected at 25 and
75 mbsl at station 2 and at 75 mbsl at station 3, which is probably
due to the analytical detection limits. A lower abundance of most
IPL-GDGTs in surface (<80 mbsl) than in deeper waters has been
previously observed in the Black Sea (Schubotz et al., 2009) and
in the Western Atlantic Ocean (Hurley et al., 2018).

The IPL-GDGTs in the surface waters at 25-40 mbsl in station 1
and at 25 m at station 3 were mostly dominated by GDGT-0 and
crenarchaeol carrying the HPH headgroup. HPH crenarchaeol has
been hypothesized as a biomarker for living (Pitcher et al., 2011a,
2011b; Buckles et al., 2013) and active Thaumarchaeota (Elling
et al,, 2014). MGI DNA was detected at these depths, but in much
lower amounts compared to the subsurface (Fig. 2). However, the
dominance of HPH crenarchaeol suggest that these GDGTs are pro-
duced by present, albeit less abundant, MGI cells. With increasing
depth (i.e. >40 mbsl, through the MAW, the LIW and the deepest
water masses), the relative abundance of DH IPLs increased, espe-
cially for the IPLs with GDGT-2 and crenarchaeol and its isomer as
CLs (Fig. 6). This may be due to a preferential synthesis of glyco-
sidic IPL-GDGTs due to a physiological adaptation of the producers.
Elling et al. (2014) showed differences in the IPL-GDGT composi-
tion in different growth phases of the thaumarchaeon Nitrosop-
umilus maritimus with HPH-GDGTs preferentially produced in the
early growth phase compared to later growth phases. Furthermore,
N. maritimus also shows different head group compositions with
respect to pH, with relatively more HPH head groups compared
to glycosidic head groups at a higher pH (Elling et al., 2015). How-
ever, N. maritimus and two other Thaumarchaeota isolates showed
clear differences in head group compositions when grown under
identical conditions, implying that species composition also affect
the IPL compositition (Elling et al., 2015).

Interestingly, the relative abundances of IPLs with a GDGT-0
core decreased with increasing depth in all three stations (Fig. 8).
This is contrary to other marine waters in which the archaeal IPL
composition in SPM has been determined. For example, the relative
abundance of IPL-GDGT-0 increased with water depth in the Ara-
bian Sea (Schouten et al., 2012), and in parts of the Western Atlan-
tic Ocean (Hurley et al., 2018). A possible explanation is the
headgroup composition of GDGT-0 IPLs, which is predominantly
the (presumably) more labile headgroup HPH instead of MH and
DH (Fig. 6). These differences may be also be caused by differences
of the archaeal community composition present at various water
depths in the Mediterranean Sea.

4.3. Biological sources of archaeal lipids in the water column

To assess potential sources of specific IPLs, we correlated the
abundance of archaea falling in specific subgroups (OTUs were
grouped in subgroups based on phylogenetic similarity; Fig. 4, Sup-
plementary Figs. S2 and S3) with the most abundant archaeal IPLs
(Table 1) following the approach of Sollai et al. (2018). The absolute
abundance of specific archaeal groups (estimated by multiplying
the total archaeal 16S rRNA gene copies L™! by the relative abun-
dances of the archaeal groups and by assuming one 16S rRNA gene
copy number per genome) was correlated with the absolute abun-
dances of archaeal IPLs expressed as response units per liter
(Table 1). Significant positive correlations (p-value < 0.05) for all
three stations (Table 1) were found between MGI subgroup I and
HPH-GDGTs and DH-GDGTSs, driven mostly by DH-GDGT-2 and
DH-crenarchaeol. On the other hand, MGI subgroup Il is also corre-
lated with DH-crenarchaeol (Table 1). MGI subgroup III was only
significantly correlated with HPH-GDGT-0 at all three stations
(Table 1; correlations with p-values < 0.05 are highlighted). The
observed correlations suggest that these thaumarchaeotal groups
are the biological source of most IPLs. However, culture studies
have shown that Thaumarchaeota synthesize mainly IPLs with
GDGT-0 and crenarchaeol as core lipids, as well as GDGT-1 to
GDGT-4 in lower relative abundance (Sinninghe Damsté et al.,
2002a, 2012; Schouten et al., 2008; Pitcher et al., 2011a; Elling
et al., 2014). However, our data reveal that GDGT-2 and crenar-
chaeol, and perhaps its isomer (cren’), are the main core lipids in
IPL-GDGTs, especially from 90 m downwards (Fig. 6), while IPL-
GDGT-0 would be expected to be also high, as seen before in other
marine waters, such as the Portuguese margin (Kim et al., 2016).
This particularity seems to be restricted to the MGI populations
in the Mediterranean Sea. It is possible that these Thaumarchaeota
regulate their lipid membrane composition in a different way, or
alternatively, their lipid membrane composition varies between
the different phylogenetic groups within the MGI archaea present
in the Mediterranean Sea. In this regard, the similarity between
major OTUs of MGI found in the Mediterranean Sea water masses
with those found in similar physicochemical conditions (i.e. high
salinity and temperature as in the Red Sea) could explain the
observed similarity in GDGT composition between the Mediter-
ranean and the northern Red Sea (Kim et al., 2015) and the dissim-
ilarity with open ocean systems and Thaumarchaeotal cultures
studied so far.

The abundance of MGII and III archaea were also positively cor-
related with the concentrations of HPH and DH-GDGTs (Table 1),
which may suggest that they also contribute to the GDGT pool.
However, the absence of IPL-GDGTs in the surface waters domi-
nated by MGII/MGIII suggest that these archaeal groups are not a
major source for these lipids, in contrast to previous suggestions
(Lincoln et al., 2014), and instead might synthesize membrane
lipids not included in our analytical window. Indeed, it has been
suggested that MGII/MGIII might synthesize mixed bacterial/
archaeal-like membranes based on the presence of bacterial mem-
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Table 1

Table with correlation values of the abundance of specific archaeal subgroups with those of most common archaeal intact polar lipid (IPL-) glycerol dialkyl glycerol tetraether
lipids (GDGTs) for the three stations. The correlation data were obtained by applying Spearman ranking correlation coefficient analyses. The IPLs with a dihexose (DH) or a
hexose-phosphohexose (HPH) head group were also summed and correlated against the MG subgroups. Correlation coefficient values with a p-value < 0.05 are highlighted.

HPH DH HPH-GDGT-0 DH-GDGT-2 HPH-GDGT-2 DH-crenarchaeol HPH-crenarchaeol

Station 1

MGI Group I 0.86 0.82 0.42 0.78 0.57 0.83 0.49
MGI Group II 0.46 0.79 —0.05 0.76 0.80 0.82 0.05
MGI Group III 0.94 0.60 0.71 0.56 0.28 0.60 0.75
MGII Group I 0.84 0.75 0.50 0.73 0.68 0.78 0.56
MGII Group II 0.67 0.96 0.15 0.97 0.56 0.95 0.14
MGII Group III -0.49 0.10 -0.74 0.07 0.10 0.12 —0.65
MGII Group IV 0.58 —0.01 0.73 0.00 -0.06 0.00 0.70
MGIII Group I 0.60 0.88 0.07 0.87 0.74 0.90 0.12
MGIII Group II -0.35 0.22 —0.66 0.16 0.30 0.25 —0.54
Station 2

MGI Group I 0.88 0.88 0.70 0.84 0.75 0.72 0.75
MGI Group II 0.68 0.68 0.07 0.55 0.43 0.81 0.14
MGI Group III 0.36 0.36 0.77 0.46 0.49 0.07 0.78
MGII Group I 0.72 0.72 0.68 0.72 0.69 0.55 0.74
MGII Group II 0.75 0.75 0.79 0.75 0.77 0.57 0.83
MGII Group III 0.53 0.53 0.14 0.43 -0.01 0.42 0.10
MGII Group IV —-0.45 -0.45 -0.23 -0.45 -0.19 -0.40 -0.23
MGIII Group I 0.72 0.72 0.56 0.67 0.73 0.60 0.61
MGIII Group II 0.39 0.39 -0.27 0.26 0.05 0.60 -0.21
Station 3

MGI Group I 0.98 0.98 0.48 0.90 0.84 0.98 0.58
MGI Group II 0.95 0.97 0.33 0.88 0.83 1.00 0.50
MGI Group III 0.23 0.31 0.71 0.51 0.62 0.18 0.66
MGII Group I 0.80 0.88 0.61 0.90 0.84 0.79 0.73
MGII Group II 0.90 0.90 0.41 0.83 0.84 0.93 0.51
MGII Group III 0.44 0.37 -0.26 0.21 0.02 0.48 -0.28
MGII Group IV 0.05 -0.11 0.71 -0.07 0.12 -0.22 0.65
MGIII Group I 0.65 0.63 0.64 0.62 0.82 0.60 0.82
MGIII Group II 0.53 0.49 -0.32 0.24 0.05 0.58 -0.22

brane lipid biosynthetic genes compared to archaeal ones
(Villanueva et al., 2017). As cultures of these archaea are still lack-
ing, no definite conclusions can be made at this point regarding the
possible contribution of the MGII/MGIII to the IPL-GDGT pool pre-
sent in the marine water column. The positive correlation between
MGII and III and the specific GDGTs mentioned above could be due
to the fact they share their niche with MGI Thaumarchaeota as
indicated in the correlation matrix of the archaeal groups (based
on the summed relative abundances of the grouped OTUs; Supple-
mentary Fig. S9).

4.4. Implications for the TEXgs paleothermometer

The TEXgs paleothermometer is based on the fractional abun-
dances of the CLs GDGT-1-3, and the crenarchaeol isomer in sedi-
ments (Schouten et al., 2002). The assumption for the use of this
proxy is that the CL-GDGTs in sediments are primarily derived
from GDGTs produced in surface waters, presumably because the
GDGTs produced in surface waters are more easily transported to
the sediment than those produced in deeper waters through graz-
ing and fecal pellet formation (Huguet et al., 2006a). Kim et al.
(2015, 2016) showed that in the Mediterranean Sea and in waters
of the Portuguese margin, strongly affected by the outflowing
Mediterranean LIW and WMDW, the GDGT distribution in sedi-
ments was unusually affected by GDGTs produced in deeper
waters. Our detailed study allows us to further evaluate this. The
CL-GDGT distribution in SPM changes clearly with depth (Supple-
mentary Fig. S12), with an increase in the relative abundance of
GDGT-2 and the crenarchaeol isomer and a decrease of GDGT-1,
in agreement with scattered SPM data reported by Kim et al.
(2015). In the surface sediments the relative abundance of GDGT-
2 and the crenarchaeol isomer is less than in SPM from deeper
waters but still higher than in SPM from the surface waters. The

opposite is true for GDGT-1, with a higher relative abundance in
surface waters compared to that in the surface sediments.
Although we don’t know if this distribution is influenced by sea-
sonal factors, the data suggest that surface CL-GDGTs are trans-
ported to the sediment but that CL-GDGTs from deeper waters
also contribute to some extent. This is in good agreement with
the IPL data, which show that IPL-GDGTs are primarily produced
in subsurface waters (with a maximum at 250-300 mbsl) and that
the main CLs are GDGT-2 and crenarchaeol. Transformation to CL-
GDGTs from these IPLs by loss of the polar head groups could
explain the observed changes with depth in the CL-GDGT profiles
in the water column.

An increase in the GDGT-2/GDGT-3 ratio, based on the CL-
GDGTs, with increasing water depth has been previously reported
for multiple marine settings (e.g., Taylor et al., 2013; Hernandez-
Sanchez et al., 2014) including the Mediterranean Sea (Kim et al.,
2015). Although changes in this ratio do not affect values of
TEXge, they have been interpreted as an indicator of GDGT produc-
tion by Archaea living in the deeper part of the water column. In
our data set, the GDGT-2/GDGT-3 ratio also increases with increas-
ing depth (Fig. 9). However, GDGT-2/GDGT-3 values within the
deeper part (300 mbsl and downwards; located in the LIW, the
WMDW and the EMDW) of the Mediterranean Sea were generally
lower than observed in SPM from other regions, such as the North
Atlantic Ocean (Turich et al., 2007; Basse et al., 2014; Hurley et al.,
2018), the South Atlantic Ocean (Hernandez-Sanchez et al., 2014,
Hurley et al., 2018), the Cariaco Basin (Zhu et al., 2016), the Black
Sea (Zhu et al., 2016), the North Pacific (Zhu et al., 2016) and the
equatorial Pacific (Zhu et al., 2016) (Fig. 9). Furthermore, it
remained stable from 300 to 500 mbsl downwards, which is differ-
ent from observations in the Atlantic Ocean, where the GDGT-
2/GDGT-3 ratio increases with depth (Fig. 9). The relatively low
GDGT-2/GDGT-3 values and the constant values with depth in
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Fig. 9. Depth profile of the ratio between glycerol dialkyl glycerol tetraether lipids (GDGTs) with two and three cyclopentane moieties (GDGT-2/GDGT-3) from core lipid (CL-)
GDGTs from all three stations (indicated by red circles). For reference, the GDGT-2/GDGT-3 ratios (from CL-GDGTSs, intact polar lipid (IPL-) GDGTs and IPL derived CL-GDGTs)
for other water columns in multiple marine environments are also plotted. Note the logarithmic Y-axis. The inset distinguishes the data points from this study (blue
diamonds) and the data points from the other studies (red squares). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

the Mediterranean Sea could be due to the relatively high and con-
stant in situ temperatures throughout the water column compared
to the global open ocean.

As noted before for the Mediterranean Sea, the deviating CL-
GDGT distribution in sediments due to a larger contribution of
deep water dwelling Thaumarchaeota has consequences for the
TEXgs paleotemperature proxy (Kim et al, 2015). Accordingly,
Kim et al. (2015) developed a specific Mediterranean Sea core
top calibration using only deep water sediments. We applied this
calibration to the underlying surface sediments, but the recon-
structed temperatures were only slightly higher (1.1 °C at both sta-
tions) than the recorded annual mean SSTs at station 1 and 3,
respectively (Supplementary Fig. S5), which is just outside the cal-
ibration error of 1 °C (Kim et al., 2015). Only at the station with the
deepest water column there is a larger offset (4 °C; Supplementary
Fig. S5). This station (3609 m deep) was the deepest station and
perhaps the expanded deep water column attributed to the larger
offset of the reconstructed SST. In fact sediments at >3000 m water
depth were not included in the deep water calibration by Kim et al.
(2015). Furthermore, the estimated total abundance of archaea at
depths > 1000 mbsl is approximately one order of magnitude
lower than the maximum abundance detected in the subsurface
waters (100-500 m depth), which suggests that the potential con-
tribution to the archaeal lipid pool of deep water archaea may still
be significant. This potential contribution of archaeal lipids, formed
in the deeper parts of the Mediterranean Sea and the Portuguese
Margin, to the sedimentary record has previously been proposed
by Kim et al. (2015, 2016).

Surprisingly, Menzel et al. (2006) reported for Mediterranean
Pliocene sapropels lower than expected TEXgg-based SST values
using the common Schouten et al. (2002) calibration and suggested
that this could be caused by the oxycline rising up into the photic

zone, which substantially affects the composition of the Thaumar-
chaeotal community. A recent study by Polik et al. (2018) has con-
firmed these results with additional analyses of Mediterranean
Pliocene and Pleistocene sapropels. The characteristic GDGT distri-
butions within these sapropels and the modern Mediterranean
were interpreted to be caused by different Thaumarchaeota com-
munity compositions (Polik et al., 2018). Our study highlights the
complexity and internal variability within the modern thaumar-
chaeotal community that is not limited to the “shallow” and
“deep” water types previously described. Furthermore, when a
shallow oxycline develops during times of sapropel formation,
the Thaumarchaeotal composition and distribution may be much
more like that of the present day Black Sea (cf. Sollai et al., 2018)
than the present-day oxic Mediterranean with major consequences
for the type of calibration that should be used for TEXgg paleother-
mometry. The niche occupancy and thriving of these MGI sub-
groups in different water masses in the Mediterranean Sea may
explain the deviations in SST-derived from TEXggs observed both
in the past and in the present, and also shows the importance of
understanding the thaumarchaeotal community dynamics in situ
to get a better understanding on the effects of environmental fac-
tors on the GDGT distribution and therefore on the
TEXge paleothermometer.

5. Conclusions

We studied the IPL and CL-GDGT distribution in combination
with the archaeal community composition of the Mediterranean
Sea water column at three different stations, one in the western
basin and two in the eastern basin. We detected a dominance of
MGII and MGIII archaea at the surface of the water column,
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whereas MGI dominated the subsurface and the deeper parts of the
water column. We detected specific thaumarchaeotal OTUs, which
could be adapted to the relative high temperature and salinity
found in the LIW mass of the Mediterranean Sea. These thaumar-
chaeotal OTUs, which seem to proliferate in the specific conditions
in the LIW water mass of the Mediterranean Sea, are most likely
causing the different archaeal lipid signals that translate to higher
TEXgs values than observed in the open ocean with similar SSTs. No
evidence was found that archaeal groups such as MGII and MGIII
archaea, shown to be present by genetic evidence, contribute sub-
stantially to the GDGT signal, and they are therefore not expected
to affect TEXgg calculations. The CL-GDGT distribution was charac-
terized by an increase of the GDGT-2/GDGT-3 ratio with depth as
observed in other marine systems, but with relatively low GDGT-
2/GDGT-3 values compared to other oceans may possibly be due
to the particularities of the Mediterranean Sea (i.e. high salinity
and temperature of specific water masses). Future studies focused
on the enrichment/culture of the specific deep water MGI OTUs
found in this study, followed by lipid analysis, should clarify their
role in the deep water archaeal GDGT distribution in the Mediter-
ranean Sea.
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