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Abstract

Beneath the seafloor, methane, a potent greenhouse gas, is trapped in ice-like structures,
prone to destabilization and gas release in a warming climate. Gas releases through the seabed
concentrated in seeps, creating unique ecosystems, hostile to some lifeforms but able to

sustain others.

Foraminifera have proved useful in biodiversity and ecosystem quality assessment due to
their ubiquity in marine environments, fast turnover rate and high degree of specialization.
Morphology-based studies however tend to ignore soft-shelled monothalamous foraminifera,
despite their substantial contributon to benthic communities, potentially resulting in a loss of
biodiversity. Molecular-based studies can be plagued by lacking databases, leading to a large

amount of undetermined sequences, as is the case with seep-related foraminifera.

In this thesis, morphology- and molecular-based approaches are used to investigate
foraminifera sampled from different seep-related microhabitats at Vestnesa Ridge. For the
first time, soft-shelled and agglutinated benthic communities in this area are characterized. A
drop in diversity is observed with proximity to the hostile geochemical conditions of
microbial mats, primarily through a loss of organic-walled and multilocular agglutinated taxa.
Select saccamminid and psammosphaerid taxa seem to thrive in this environment. Most
strikingly, two previously undescribed saccamminid taxa dominate the assemblage at the
microbial mat, comprising a combined 40% of the total community. These taxa are absent in
the other microhabitats, indicating a high degree of specialization to the seep environment,

like the hypothesized symbiosis between Melonis barleeanus and methanotrophic bacteria.

These two taxa as well as Psammosphaga sp. are highlighted here as potential candidates for

future barcoding studies of seep-related foraminifera.

SSU ribosomal DNA sequences were obtained from hard-shelled foraminfera living at the
reference site, the in-site reference and the tubeworm zone, representing the first of their kind
from these environments. Although the barcoded specimens show little to no genetic
variation, the sequences belonging to Stainforthia cf. fusiformis differ from other Stainforthia-
like sequences obtained through eDNA metabarcoding of the site, indicating the presence of
two genetically distinct Stainforthia spp., something that would likely have been overlooked

in studies based on morphological data alone.
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1 Introduction

1.1 A warming Arctic
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phenomenon known as Arctic 1940 1960 1980 2000 2020
i Aat ; Figure 1: Near-surface air temperature departures from normal
amp“flcatlon (Flg' 1) (Serreze & Barry, (relative to 1981-2010). Source: Francis et al. 2017.
2011). There are a variety of drivers for
this phenomenon, including but not limited to the albedo feedback, changes to the sea ice

extent and changes in cloud cover (Serreze & Barry, 2011).

The impact of the Arctic amplification is thought to reach beyond the already climatically
sensitive ecosystems in the high latitudes, and changes in atmospheric circulation caused by
the amplification have been hypothesized to be linked to increased frequency in extreme
weather events in the mid-latitudes (Cohen et al. 2014). In order to better understand and deal
with the changing climate, the understanding of the fate of greenhouse gases (GHGS) is

crucial knowledge.

1.2 Methane

Methane (CHsa) is a potent GHG, up to 84 times more potent than carbon dioxide (CO.) when
considered over a 20-year period after release (Jackson et al. 2019). The seafloor of the Arctic
Ocean and the Barents Sea are known to be littered with seeps, areas where gases including
CHa discharge through the sediments (Mau et al. 2017; Yao et al. 2020). The aim of the
AKMA project (Advancing Knowledge of Methane in the Arctic) , a collaboration between
UiT — The Arctic University of Norway in Tromsg and the Woods Hole Oceanographic
Institute in USA, is to gain insight into the effect of CH4 discharge on Arctic and global

climate, as well as local ecosystems.



Below the seafloor, CH4 is sequestered in ice-like structures known as gas hydrates or
clathrates (Buffett & Archer, 2004). Clathrates are climatically sensitive, with ocean warming
leading to destabilization and gas release (Joung et al. 2022). If the released CH4 reaches the
atmosphere as a GHG, this can potentially result in a positive feedback loop where increased
gas release leads to increased warming of the ocean and so forth. Though Joung et al. (2022)
found the exchange between fossil (clathrate-bound) CH4 and the atmosphere to be negligible
in mid-latitude oceans, the large amounts of trapped CH4 might impose problems in the

warming Arctic of the future.

1.3 Foraminifera

The phylum Foraminifera (d’Orbigny, 1826) is a large group of protists, highly successful and
present in both marine, terrestrial and freshwater environments (Pawlowski & Holzmann,
2002). In the marine realm, they are ubiquitous and abundant in benthic communities
(Gooday et al. 2005). Within the field of paleoceanography, foraminifera have proved useful
proxies for reconstruction of water column temperature, salinity, sea-ice extent etc., due to
their sensitivity to environmental parameters (Kucera, 2007). In relation to paleo-methane
seepage, the study of past CH4 emission, the stable isotope composition of the calcareous test
of foraminifera is a useful proxy (Panieri, 2006; Panieri et al. 2016). Some foraminifera
utilize carbonate from their surroundings for biomineralization, including bicarbonate
depleted in 3C, produced through the anaerobic oxidation of CH4 by microbial
methanotrophs at the sulfate-methane transition zone (SMTZ) (Knittel & Boetius, 2009),

leading to depleted 513C signatures in the fossil record.

Foraminifera are also utilized in modern-day bio-diversity and bio-monitoring studies. The
FOBIMO initiative (FOraminiferal Blo-MOnitoring, Schonfeld et al. 2012) highlights their
utility as indicators of environmental change, due to high turnover rates, a high degree of

specialization and well-preserved fossil record.

Examples of their utility include a study on the impact of fish farming on benthic
communities. (Pawlowski et al. 2014) utilized environmental DNA (eDNA) metabarcoding to
characterize the foraminiferal assemblage along environmental gradients, and found high
variations, and a decrease in species richness in communities proximal to fish farming sites.

They conclude that metabarcoding of foraminifera has great potential in monitoring the

2



quality of marine ecosystems, as it is less costly and more time-efficient than traditional
morphology-based studies.

Frontalini et al. (2020) also compared ~ Dominance Fishers a ‘ o
the two methodologies (metabarcoding '

and morphology-based assessment), in

Molecular dataset

a study of the environmental impact of
three offshore gas platforms. They
found that the two methods gave

congruent results in terms of

Morphological dataset

biodiversity indices (Fig. 2). When it

came to the taxonomical compositions , , B
Figure 2: Simpson's Dominance, Fisher's a and Shannon-

of the two datasets. however. the Weiner (H'), calculated from molecular and morphological data

' ' sets. Source: Frontalini et al. 2020.
dataset obtained from metabarcoding
included a high amount of sequences belonging to soft-shelled molothalamous species.
Amongst the monothalamous sequences were several molecular operational taxonomical units
(MOTUSs) with potential as bioindicator species for pollution. The authors also high-lighted
the cost and time-efficiency of metabarcoding studies compared to classical morphology-

based studies.

Pawlowski et al. (2022, unpublished progress report commisioned by Giuliana Panieri) used
eDNA metabarcoding to study foraminiferal diversity at oil and gas seeps in the Arctic
Ocean. They found a large number of undetermined sequences, but also an abundance of
Stainforthia-like sequences in the CHg site, indicating a potential bioindicator species. They
also concluded, given the high amount of undetermined sequences, that further barcoding

studies are necessary to explore the diversity at these sites.

1.4 Barcoding foraminifera

Barcoding is the process of identification of species using short gene sequences (Pawlowski
& Holzmann, 2014). In foraminifera, the short subunit (SSU) 18S gene is often used, as it
contains several hypervariable regions, enabling differentiation between species. In particular,

the SSU ribosomal DNA comprises six variable regions, three of which are specific to



foraminifera (37f, 41f, 47f) and the other three also found in other eukaryotes (Pawlowski &
LeCroq, 2010).

Identification through barcoding can overcome some challenges where morphology-based
identification falls short. Phenotypic plasticity, the variation in morphological features, can
make it difficult to distinguish between species, as members of the same species can display
different ecophenotypes based on environmental conditons (Pawlowski & Holzmann, 2014).
Morphological studies can also overlook cryptic speciation, morphological congruence

between different species.

Metabarcoding studies rely on a solid database of sequences assigned to species. As
mentioned before, the metabarcoding study of seep sites in the Arctic revealed many
undetermined sequences. It is therefore of great importance to sequence more foraminifera

from these environments, in order to support future biomonitoring studies.

1.5 The Arctic seep habitat

Argentino et al. (2022) employed seafloor imagery and sediment coring to study the
environment at an arctic seep in the Barents Sea. They found a concentric zonation of
microhabitats, centered around the area with the highest CHa flux (Fig. 3). The center is
inhabitated only by microbial mats of methanotroph archaea and sulfate-reducing bacteria,
tolerant to the hostile conditions present In this area (Argentino et al. (2022). The SMTZ is

closest to the seafloor, and the sulfate concentration and pCO? is too high to sustain most life.

Figure 3: Sketch of typical zonation of communities at cold seeps. Source: Argentino et al. 2022.



Away from the center, the SMTZ deepens and sulfide production is lower. These outer zones
are inhabited by frenulate sibuglinids (Tubeworms) and chemosynthetic bivalves.

1.6 Foraminiferal assemblages at Vestnesa Ridge
Dessandier et al. (2019) examined

faunal assemblages of benthic

foraminifera as well as Water column
environmental conditions in 12

pushcores collected inside and

Carbonate crust(3D
W < 59
Bacteri St
outside of microbial mats in the \@ o

Seafloor

Lunde and Lomvi pockmarks of
Vestnesa Ridge. Rose Bengal
staining was used to distinguish

between recently deceased and

1 Control site 2 Advective-like
methane

3 Steady-diffusive
methane

dead specimens. The study

+ -
Abundance

described three different

5°Croc=-23%0 8"Croe = -23%o 8"Croc = -30%o
Figure 4: Cartoon summarizing the microhabitats and findings of
Dessandier et al. 2019. Source: Dessandier et al. 2019.

environmental conditions, characterized by different flow regimes, and with different faunal
characteristics. A cartoon summarizing their findings can be seen in Fig. 3. Microbial
communities differed in the two flow regimes and were absent in the sediments not affected
by seepage (Dessandier et al. 2019). In unstable environments characterized by pulses of
advective-like methane, microbial communities were likely dominated by Arcobacter sp. and
Thiomargarita sp., forming black and grey microbial mats. In the environments characterized
by a steady flow of diffusive methane, microbial communities were likely dominated by
filamentous Beggiatoa sp., forming white mats and known to thrive in more stable conditions
(Dessandier et al. 2019). The benthic (0-1 cm) foraminifera communities also differed
between the microhabitats. The control core (no seepage) displayed the highest faunal density
and diversity (Dessandier et al. 2019). Notably, agglutinated species were prominent in this
core, in line with previous studies done on Arctic foraminifera assemblages (Gooday et al.
2005). Agglutinated species were however absent from the seep-related cores (Fig. 3),
explaining the lower diversity. Agglutinated species show a preference for oligotrophic



(deficient of nutrients) environments, and might not tolerate the eutrophic conditions
sustained by the high amounts of organic carbon provided by e.g. the microbial communities

in methane-charged sediments (Heinz et al. 2005; Dessandier et al. 2019).

Foraminifera assemblages also differed in the two different flow regimes. Abundance and
diversity were generally found to be higher in the habitats characterized by advective pulses
of methane (Fig. 3; Dessandier et al. 2019). Common Arctic calcareous species were
observed across all microhabitats, specifically Buccella frigida (Cushman, 1922a), Melonis
barleaanus (Williamson, 1858) and Cassidulina sp. These species are known to be tolerant of
eutrophic environments, thriving with the ample availability of food sourced from microbes.
Diversity was lowest in the microhabitat characterized by a steady flow of diffusive methane
(Dessandier et al. 2019), which might be too toxic to sustain a benthic community. Melonis
barleaanus dominated these faunas and might be tolerant of higher sulfide contents
(Dessandier et al. 2019). Melonis barleeanus specimens collected from Vestnesa Ridge have
been observed in association with methanotroph bacteria (Bernhard & Panieri, 2018), and
while no conclusions have been made on any possible symbiosis between the organisms, it is
possible that the specific microbial communities sustained in methane-charged sediments
have an impact on the benthic foraminifera fauna. The study found no endemic species related
to seep sites, in line with previous studies on the subject matter (See Dessandier et al. 2019

and references therein).

1.7 Objective of the study

This thesis aims to advance the knowledge on foraminifera inhabiting the extreme
environments characterized by methane seepage. This is done in two ways: Through
morphological identification of the understudied soft-shelled monothalamous forams
inhabiting the methane seeps and related microhabitats of Vestnesa Ridge, and through
barcoding of select hard-shelled foraminifera from the same environment. It is the hope that
the findings in this thesis can aid in identifying prospective candidate species/morphospecies
for future barcoding studies, enabling the better application of metabarcoding biomonitoring

in seeps and other extreme environments.



2 Geological setting
2.1 Vestnesa Ridge

Vestnesa Ridge is a ~100 km long sediment drift situated in the eastern Fram Strait, between
Greenland and Spitsbergen (Fig. 4), where it connects the west Svalbard continental margin to
the east (Vogt et al. 1994). The area has two major climate-regulating currents flowing
through, the northbound North Atlantic Current and the southbound East Greenland Current
(Dessandier et al. 2019), the former shaping the contouritic deposits through its local branch,
the West Spitsbergen Current (Bunz et al. 2012). Since the discovery of several pockmarks in
1994, the gas hydrate province in this area has been studied in great detail (see, e.g., Vogt et
al. 1994; Binz et al. 2012; Plaza-Faverola et al. 2015; Panieri et al. 2017; Dessandier et al.
2019), uncovering seabed structures due to gas seepages, gas release, seep-related faunal
dynamics and massive carbonate crusts. At approximately 79° N, Vestnesa Ridge is one of

the world's northernmost gas hydrate provinces on continental margins (Blinz et al. 2012).

b ¥ ‘ A

B

Water depth (mbsl)
B 1430
1420
[J 1410
[ 1390
|

1380

Figure 5: Map of the studied area. a: Overview map with the approximate location of Vestnesa Ridge marked by a
square. b: Map of sampling locations. c: Map showing Reference site in relation to the other sample locations. d:
Collection of PC8 at the in-site reference. e: Collection of PC15 at the microbial mats. Notice the grey-black color
of the mats. f: Transition between microbial mat and tubeworm zone.
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Vestnesa Ridge is located on young and relatively hot crust originating from the Molloy
Ridge to the southwest, the northernmost extension of the Mid-Atlantic ridge system, where
heat flow values are 2 to 3 times higher than in the nearby Barents and Mid Norwegian Seas
(Vogt et al. 1994; Biinz et al. 2012). Furthermore, the Vestnesa Ridge gas hydrate province
occurs at depths of 1200-1300 m, where the dissociation of hydrates due to changes in ocean

temperature does not explain gas release (Plaza-Faverola et al. 2015), in contrast to the

Barents and Mid Norwegian Seas.

Buried mounds observed across Vestnesa Ridge indicate a periodicity to gas expulsion

(Plaza-Faverola et al. 2015). Vestnesa Ridge is situated in proximity to the Molloy and

Knipovich Ridges as well as the Spitsbergen
Transform Fault, and tectonic stresses from
these regions appear to have influenced the

seep evolution (Plaza-Faverola et al. 2015).

Periodicity of seep activity as evidenced by
the buried mounds on the order of some
hundred thousand years and seem to coincide
with glacial intensification (Plaza-Faverola et
al. 2015).

Pockmarks, depressions on the seafloor, are
fluid flow structures indicating the release of
free gas from the seabed (Bunz et al. 2012).
At least six pockmarks exhibiting active
methane release have been discovered along

the eastern part of Vestnesa Ridge (Panieri et

TWT (s)

17

19
20
21
22
23
24
25
26
27
28

enhanced
reflections

Acoustic masking

pipe—3. |

P i S
= - . enhanced "
. reflections

Acoustic masking

5 km

Figure 6: 2D seismic line crossing the (a) western and
(b) eastern part of the ridge, showing the BSR and the
free gas zone underneath. Note the chimney structure
terminating in a pockmark depression in (b). From
Biinz et al. (2012).

al. 2017). Pockmarks are underlain by chimneys, pipe-like channels serving as conduits for

free gas to migrate through the gas hydrate stability zone (GHSZ), through a network of

tectonically sensitive fractures and faults (Buinz et al. 2012; Plaza-Faverola et al. 2015).

Pockmarks are concentrated along the crest of the ridge, and the absence of such features

along the flanks indicates a topographical control, with lateral migration of free gas along the

base of the low-permeability GHSZ and accumulation at the anticline (Biinz et al. 2012).



The GHSZ is marked by a bottom-simulating reflector (BSR) (Fig. 6), a result of the high
contrast in acoustic impedance between the gas hydrate-saturated sediments above and the
free gas reservoir below, a common sight at gas hydrate provinces at continental margins
(Haacke et al. 2007). The BSR is prominent across the region at depths between 200-250 ms
TWT (Figure 6). Underlying the BSR is a thick layer of high-amplitude reflections, indicating
ample amounts of free gas trapped underneath (Blinz et al. 2012).

Vestnesa Ridge consists of a 40 km long eastern and a ~60 km long western segment (Vogt et
al. 1994). Sediment thickness varies from up to 5 km at the eastern segment to a few hundred

of meters towards Knipovich Ridge in the south (Biinz et al. 2012).

Of the two segments, only the eastern exhibits evidence of
active seepage, with bubble streams observable in the water T o0
column on echograms obtained from single-beam echo
sounding (Bunz et al. 2012) (Fig. 7). The inactive
pockmarks at the western segment also differ in

morphology from their eastern counterparts, with a much

smoother surface morphology, likely due to the draping of

recent sediments (Bunz et al. 2012). Comparisons of

1200

associated chimney morphology and distribution also reveal v
differences, likely indicating different stress fields and Figure 7: Bubble streams emitting
from active seeps, imaged as acoustic

related fault activation between the two segments as an gf‘rgg 1”2‘ an echogram. From Binz et
explanation for differences in seep activity (Plaza-

Faverola et al. 2015).

On the eastern segment of the ridge, two of the most active pockmarks are known as Lunde
and Lomvi (Dessandier et al. 2019). These pockmarks are semicircular, up to 700 m across
and up to 10 m deep (Panieri et al. 2017). Bubble streams emanate from smaller features
within the pockmarks, depressions or pits with a radius of up to ~25 m. Three pits are
documented in each of the 2 pockmarks (Panieri et al. 2017). Across the pits are ridges and
blocks of methane-derived authigenic carbonates (MDAC), and findings of gas hydrates in
the surface layer place the pockmarks within the GHSZ (Panieri et al. 2017). These pits

suggest a focused, advective methane flow regime. Microbial mats of sulphur-oxidizing



bacteria are not exclusive to the pits but are found across the pockmarks (Panieri et al. 2017).
This suggests that besides the focused flow of methane evident by bubble streams in the pit, a

more steady, diffusive flow regime is also present in the pockmarks.

2.1.1 Geochemistry of fluids at Vestnesa ridge
Using Bernard and Whiticar plots (Bernard et al. 1978; Whiticar, 1999), the source of
methane released from the pockmarks have been determined to be of mixed thermogenic and

biogenic origin (see Figure 8 in Panieri et al. 2017).

2.1.2 Benthic communities at Vestnesa Ridge

Several ecological studies have been conducted on Vestnesa Ridge pockmarks to gain an
understanding of faunal response to seep activity (e.g., Panieri et al. 2017; Bernhard &
Panieri, 2018; Dessandier et al. 2019).

Panieri et al. (2017) used seafloor imagery to characterize the macrofaunal communities in
and around the pockmarks. In general, macrofaunal density and diversity was found to be
higher within the pockmarks than on the surrounding seafloor. Tubeworms belonging to the
family Siboglinidae, are known to live in association with chemosynthetic bacteria (Fig. 3;
Panieri et al. 2017), and found across several deep-sea chemosynthetic communities (Rouse,
2001). The study also observed dense communities of non-chemosynthetic organisms living
on the hard substrates provided by MDAC (Panieri et al. 2017).

2.1.3 AKMAZ2 Study site

The AKMA2 expedition (11" -23 May 2021) onboard the R/V Kronprins Haakon examined
a cluster of five pockmarks, located at the southernmost extent of Vestnesa Ridge (Panieri et
al. 2022) (5), 12 km north of the Molloy Transform Fault. While fluid escape structures had
been recognized in 2001 (Vanneste et al, 2005), active seeping hadn’t been detected until the
CAGEZ21-5 cruise of 2021 (Plaza-Faverola, 2022). The water depth of this area is ~1400 m,

making it the deepest active seep on the margin (Panieri et al. 2022).

Figure 5d-f show ROV-captured footage of some of the sampling sites studied in this thesis.
The microbial mat is grey to black, indicating the presence of Arcobacter spp. and
Thiomargarita spp., indicating very active to less active seeps, with dynamic sulfidic

conditions (See Dessandier et al. and references therein).
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3 Methods

3.1 Sampling and sample processing
During the AKMAZ2 expedition, the remotely operated
vehicle (ROV) Aqir6000 (Fig. 8), handled by engineers
from Havforskningsinstituttet (Institute of Marine

)
'8

Research, IMR) and Bergen University, was employed

for sampling of surface sediments. The ROV was rigged
with a high-resolution camera, allowing high-precision
assessment and selection of sampling areas across
different sub-environments related to cold seeps, for
later faunal, sedimentological, and geochemical

comparisons. At each station samples were taken from

(1) on-site reference, in proximity of but deemed

Figure 8: The £GIR 6000 remotely
operated vehicle.

unaffected by methane (from here on out referred to as
in-ref), (2) periphery of the cold seeps, characterized by
the presence of methane-sequestering tube worms and (3) cold seeps and oil leaks,
characterized by the presence of mats of microbial communities, methane-derived authigenic
carbonates (MDAC), grazing gastropods and bubbling of methane and petroleum. Samples
were collected using blade cores (32x25x10 cm) and push cores (& = 8 cm, length of 60 cm).
Off-site reference and archive cores were using a multicorer rigged with a deep-tow camera

system.

Samples were retrieved from core liners in the wet lab. Overlying water was drained from the
liners using a plastic tube. For eDNA studies, ~10 g of wet sediment was collected from the

very top using a sterilized plastic spoon kept in a sterilized plastic bag and fixed in LifeGuard
Soil Preservation Solution. The samples were then stored at 5°C in the micropaleontology lab
for the remainder of the cruise and later brought to the ID-Gene ecodiagnostics lab in Geneva

for analysis.

For micropaleontological and barcoding studies, the remainder of the top 2 cm of sediment
was sliced and collected in plastic cups, marked following the sample naming scheme of the
11



cruise. Samples were then thoroughly sieved in four fractions, 32-62 um, 63-124 pum, 125-500
um and 500+ pm, using stacked sieves with metallic meshes and seawater (Fig. 9).

Sieved samples were studied under a
stereoscopic microscope. Samples were
spread evenly in sorting trays wetted with
seawater and cooled with freezer packs. The
trays were examined one square at a time.
Foraminifera were identified to genus or
species level based on morphological
features. When sampling for foraminifera for

DNA extraction, it is important to choose Figure 9: Metallic mesh sie\;és_
live specimens. This can be ascertained

based on the presence of cytoplasma and in some cases
coloration. Pawlowski (2000) notes that cytoplasma can remain
in the organism after DNA has started degrading, and thus the
presence of pseudopoda is the best indicator. Foraminifera were
picked using pipettes and tweezers, and sorted in seawater-filled
petri dishes, cooled with freezer packs. Collected specimens were
photographed using a camera mounted on the microscope.
Organic-walled and agglutinated monothalamous specimens were

stored in RNA Later buffer that preserves RNA and DNA within

. .. . Figure 4: Bottelina labyrinthica,
specimens and kept at -20°C.Textulariid and rotaliid with pen for scale.

Foraminifera were placed into micropaleontological slides and
dried at ambient temperature. The remaining sediment sample was drained of water and

stained using Rose Bengal in ethanol (2 g/l) for later examination and put away for storage.

3.2 Molecular analysis
Molecular analysis was carried out at the University of Geneva, Switzerland, in the laboratory

of Maria Holzmann.
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3.2.1 Scanning electron microscopy

Prior to extraction, rotaliid foraminifera assigned to different morphospecies were
photographed using a JEOL JSM-65010LYV scanning electron microscope (SEM) (Fig. 10a).
Specimens deemed suitable, preferably larger in size, were picked using a fine brush wetted
with deionized water and placed on carbon tape. Specimens were coated in gold in a vacuum

chamber for 20 sec. prior to SEM imaging.

3.2.2 DNA extraction
Two different methods were employed for DNA extraction.

3.2.2.1 Guanidine extraction

Guanidine extraction method was used to isolate the DNA of small specimens. See Appendix
1 for full protocol. Guanidine extraction is a relatively quick process but does not work well
for larger specimens as remaining test debris can inhibit subsequent DNA amplification.
Using a fine brush or tweezers, specimens were transferred into 0,5 ml extraction tubes,
containing 50 pl guanidinium isothiocyanate solution. The brush and tweezers were
thoroughly rinsed in 70% ethanol and deionized water after each transfer to avoid
contamination. Specimens were carefully ground using a sterilized plastic pestle and heated
for 15 minutes at 60°C, using a Labnet Accublock™ Digital Dry Bath incubator (Fig. 10b).
Samples were then centrifuged at 8000 RPM for 1 minute in an Eppendorf 5424 centrifuge
(Fig. 10b), causing debris from the test and attached sediments to form a small pellet on the
bottom of the tube. 40 ul of the supernatant was then transferred to a new tube using a pipette
with a sterilized filter tip. 40 pl of isopropanol was added to the solution to allow DNA
precipitation, and 1 ul of GlycoBlue was added to aid the precipitation. Samples were then
thoroughly mixed using a Vortex-Genie 2 vortex mixer (Fig. 10c), and left for overnight
precipitation at -20°C. Following precipitation, samples were centrifuged for 20 minutes at
21000 rounds per minute (RPM), causing the DNA to form a small blue pellet at the bottom
of the tube. As pellets might not always be visible, no samples were discarded based on their
absence. Supernatant was removed using a pipette, and the precipitate was washed using 100

ul of a 70% ethanol solution. The samples were then centrifuged again at 21000 RPM and the
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Figure 10: Lab equipment employed in the processing of samples for barcoding. a: Scanning electron
microscope. b: incubators and centrifuge. c: Vortex mixer. d: Thermal cycler. e: Electrophoresis apparatus. f:
Genetic analyzer.

supernatant was removed. Samples were then dried for 30 minutes at 30°C in the incubator,
until all ethanol had evaporated, to prevent interference with the DNA product. 20 pl of TE
buffer was added to the tubes, dissolving the pellet while keeping the DNA stable. Finally, all
samples were labeled with consecutive isolate numbers and the extractions were stored at -

20°C for further analysis.

3.2.2.2 DNeasy extraction

For larger specimens, such as Bottellina labyrinthica, the QIAGEN DNeasyR Plant Mini Kit
was used. See Appendix 2 for full protocol. A specimen was placed in a 1,5 ml extraction
tube containing 400 ul of AP1 lysis buffer and thoroughly ground using a sterilized plastic
pestle. To aid in the breakdown of proteins, 4 pul of an RNase solution was pipetted into the
tube and the lysate was vortexed. The lysate was then incubated for 10 minutes at 65°C, after
which 130 ul of P3 neutralization buffer was added to the tubes to precipitate proteins. After 5
minutes of incubation on ice, the product was centrifuged for 2 minutes at 21000 RPM,

causing cell-debris to form a pellet at the bottom. The supernatant was transferred to a
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QIAshredder mini spin column placed in a 2 ml tube and centrifuged for 2 minutes at 21000
RPM, filtering out any leftover debris. The flowthrough was transferred to 1,5 ml tubes
prefilled with 675 ul of AW1 wash buffer and carefully mixed by pipetting. The solution was
then transferred to a DNeasy mini spin column placed in a 2 ml tube and centrifuged for 1
minute at 8000 RPM, binding the DNA to the filter. The spin column was then placed in a
new 2 ml tube and rinsed with 500 ul of wash buffer AW2 and centrifuged twice, first at 8000
RPM for 1 minute, and second, after another wash with 500 ul of AW2 buffer, at 21000 RPM
for 2 minutes. Lastly, the spin column was transferred to a 1,5 ml tube, and 50 pl of elution
buffer AE, preheated to 65°C, was added directly to the membrane of the spin column. The
solution was incubated for 5 minutes at room temperature and then centrifuged for 1 minute at
8000 RPM for elution, causing the DNA to pass through the filter and into the collection tube.

Tubes were labelled accordingly and stored at -20°C.

3.2.3 Polymerase chain reaction

The polymerase chain reaction (PCR) is a process that since its inception in 1985 (Mullis &
Faloona, 1987) has revolutionized the field of molecular biology and proven a valuable tool in
sectors such as diagnostics (Yang & Rothman, 2004), biomonitoring (Pawlowski et al. 2014),
and forensics (Cavanaugh & Bathrick, 2018).

At its core, PCR utilizes a polymerase, an enzyme capable of synthesizing nucleic acids, to
create many copies of a selected gene or fragment of a gene, allowing for detection and study

of said gene in great detail, through sequencing (Mullis & Faloona, 1987).

AAIOSESTAE  SF 19 3 PR 18 2 2 1
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RS WwRF T %R 2P Zcs 7 F 0%
T T T T 1
1000 2000 3000 4000 5000 bp

Figure 11: Diagram of sequenced rRNA genes with approximate position of primers. Source: Pawlowski, 2000.

PCR is a process in three steps, repeated for 20-40 cycles and resulting in many copies of the
selected gene. The first step involves denaturation, the breakdown of the double-stranded
DNA molecules into singles strands. This is done at temperatures of 90-100°C. The second
step, annealing, involves the attachment of primers, short strands of oligonucleotides

corresponding to each side of the target sequence, delimiting the amplified region
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(Schochetman et al. 1988). A forward and a reverse primer is used, corresponding to both
DNA strands. Figure 11 shows the positions of various primers on sequenced rRNA genes of
foraminifera. The third step is the synthesis of new DNA strands, through the use of Taq
polymerase. At each cycle the number of obtained copies is doubled resulting in an

exponential increase of DNA molecules.

Semi-nested PCR amplification was carried out for the SSU rDNA barcoding fragment of
foraminifera (Pawlowski and Holzmann, 2014) using forward primers s14F3
(acgcamgtgtgaaacttg) for the first and s14F1 (aagggcaccacaagaacgc) for the second
amplification. The reverse primers s20r (gacgggcggtgtgtacaa) or sB

(tgatccttctgcaggttcacctac) were used.

Thirty-five and 25 cycles were performed for the first and the second PCR, with an
annealing temperature of 50°C and 52°C, respectively. The amplified PCR products were
purified using the High Pure PCR Cleanup Micro Kit (Roche Diagnostics). Sequencing
reactions were performed using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems) and analyzed on a 3130XL Genetic Analyzer (Applied
Biosystems).The PCR protocol can be seen in Appendix 3.

A master mix was prepared prior for each amplification in an isolated workspace (hood), to
prevent contamination with extraneous DNA. The exact amounts and concentration of each of
the reagents can be seen in Appendix 3. The PCR mix contains bi-distilled water, Mg-buffer,
deoxynucleoside triphosphates (ANTPs), 2 primers, bovine serum albumin (BSA) and Taq
polymerase. Tubes were kept on cool racks during the whole preparation. DNTPs provide the
nucleotides for DNA synthesis, and BSA increases the yield of the PCR (Farell & Alexandre,
2012). The choice of primer affects the length of the studied sequence, including the number
of species-specific variable regions. Refer to Table 1 in Pawlowski (2000) for a list of suitable

primers, including length, sequence and specificity.

The amplification protocols can be seen in Appendix 3. One pl of extracted DNA was added
to a 0,5 ml tube containing 24 ul of the prepared PCR master mix. For each run, a negative
control containing the master mix but no DNA was also amplified. Amplification and
subsequent re-amplification were performed using a Bio-Rad C1000™ Thermal Cycler (Fig

10d). For reamplification, 1 ul of each PCR product obtained during the first amplification
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was used. Initial results showed weak PCR bands, and to improve the results the amount of
extracted DNA was upped to 3 pl and the number of cycles for the re-amplification was

increased from 25 to 30.

3.2.4 Gel electrophoresis
Gel electrophoresis was employed to assess the quality of the PCR product and check for any
possible contamination. DNA and RNA molecules, in a near-neutral pH environment, are
negatively charged, and will migrate when exposed to an electrical current (Ogden & Adams,
1987). This characteristic, combined with the fact that fragments of

different molecular weight migrate at different rates, can be utilized to

visually discern the molecular weight (in base pairs) of the amplified

fragment. The length can be gauged through comparisons with fragments — 1766
of a known length (known as a ladder), and the results can be compared to — 123
the desired size of the targeted fragment (Figure 12). It is important to
note that this method does not definitively identify the strand

298
2347220
154

(Schochetman et al. 1988), and further analysis (sequencing) is required.
Fragmentation of the DNA or RNA product takes place using a Tris-

Figure 12: Fragmented
acetate-EDTA buffer (TAE) as the conductive medium. ladder VI with molecular

weight of fragments
Agarose gel was heated in a microwave and mixed with Sybr™ Safe  shown in basepairs.
Source: Maria Holzmann.
DNA Gel Stain, a fluorescent dye that makes the PCR product visible
in UV light. The gel was then poured into a rectangular slab cast with a comb and left to cool
at room temperature. When the gel had cooled the comb was removed, leaving behind small
chambers to load the PCR product into. The gel slab was placed in an electrophoresis
apparatus (Fig. 6e), connected to a power supply with an anode and a cathode. 1x TAE buffer
was filled into the apparatus until the gel was completely covered. 3 ul of PCR product was
mixed with 1 pl of gel loading buffer. 3 ul of ladder VI with fragments of known length was
loaded into the first chamber and the subsequent PCR products into the following chambers.
The final chamber was filled with the negative control. A 100-volt current was run through
the apparatus, creating a voltage gradient, and initiating the migration of molecules. The
apparatus was left to run for roughly 30 minutes before the current was turned off. The Gel

was then removed from the apparatus and placed in a GelDoc Molecular Imaging System,
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capturing images of the gel for
analysis. Examples of the final output
can be seen in Fig. 13. Notice that
DNA fragments are present in the
negative control. Some contamination
has likely taken place at some point
during the workflow, and any results Failed/weak amplification Negathva.coRi
from this particular PCR run should be

handled with caution or discarded. The

effectiveness of the amplification can
Figure 13: Output of the GelDoc Molecular Imaging System.

also be gauged from the apparent Note the faded band indicating a weak amplification. The
negative control was amplified, indicating contamination.

strength of the PCR bands. Weaker

bands might suggest an increase in either the number of thermal cycles during the

amplification, or an increase in DNA/RNA dose, to ensure a successful sequencing result.

3.2.5 Purification

In preparation of the sequencing, the amplification product was purified using the Roche High
Pure PCR Cleanup Micro Kit. The purpose of purification is to remove nucleotides, primers
etc., that might hinder proper sequencing.

The amplification product was diluted with 80 pl of double distilled water and transferred into
1,5 ml tubes containing 400 pl of binding buffer and mixed through vortexing. The combined
solution was then transferred to a spin column and centrifuged for 1 minute at 8000 RPM,
binding the amplification product to the filter. Supernatant was removed from the collection
tube and 400 pl of wash buffer was added to the spin column, removing traces of protein and
primers. This step was repeated, this time with 300 ul of wash buffer. The empty spin column
was then centrifuged at 21000 RPM, removing any leftover wash buffer. The spin column
was transferred to a new 1,5 ml tube and 20 ul of elution buffer was added, allowing passage
of the purified PCR product through the filter. After centrifuging at 8000 RPM for 1 minute,

the spin column was removed and the purified product was stored at -20°C.
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3.2.6 Sanger sequencing

Sanger sequencing was amongst the first generation of sequencing methods, developed in
1977 (Sanger et al. 1977), and combines the PCR with electrophoresis. While next-generation
sequencing methods have gradually overtaken the field, Sanger sequencing still proves viable
in sequencing of shorter fragments at a low cost (Totomoch-Serra et al. 2017). The
sequencing was performed using an Applied Biosystems® 3130xI Genetic Analyzer (Fig. 6f).

3.3 Morphological studies

The sediment-ethanol mixture was spread on a petri dish and examined under a Leica Z16
APO compound microscope, mounted with a Leica DMC 4500 camera. For each sample, the
first ~200 Rose Bengal-stained (live-collected) specimens were identified to the highest
possible taxonomic rank. Only complete tests were considered as part of the live assemblage.

Select specimens were micrographed utilizing the LAS X Z-stacking tool for documentation
and as reference for further identification. When possible, specimens were identified to
species or genus-level, and otherwise into “working” morphospecies, here defined as non-
named morphology-based species appearing in the literature (e.g. Psammosphaerid sp. 1, as
seen in Sabbatini et al. 2013).

The 63-125 um size fraction was selected as it represented the most complete dataset after
picking of foraminifera for barcoding studies. This size fraction has also been recommended
in the literature for diversity studies of benthic foraminifera as it captures a higher diversity,
especially with regards to ecologically sensitive species (Schonfeld et al. 2012; Dessandier et
al. 2019), though it is unclear whether this applies to studies of soft-shelled monothalamous

foraminifera as well.

Monothalamous specimens were further grouped into three larger informal groups based on
test morphology, as seen in Gooday (1986, 2002) and Sabbatini et al. (2007, 2013). These
morphogroups include allogromiids with an unambiguous organic test wall, saccamminids
with a test composed of fine agglutinated particles overlying the organic test wall and distinct
aperture(s), and psammosphaerids with agglutinated tests but no distinct aperture. Although
lacking phylogenetic evidence, these groupings allow for informal categorizing of

monothalamous communities, often comprising of undescribed taxa (Sabbatini et al. 2013;
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Goineau & Gooday, 2017). Note that the informal grouping allogromiid is not to be confused
with Allogromiid spp. and associated species.

Select diversity indices were calculated from the abundance data using PRIMER software
(v.7), including the number of taxa, the Shannon-Wiener index (H’loge), Fisher’s alpha index
(a), the Pielou index (J) and Simpson’s index of diversity (1-D). H* and o are both measures
of diversity, while J* emphasizes the evenness in distribution of species and 1-D is the

probability that two randomly selected specimens belong to different morphospecies.

4 Dataset

An overview of the cores examined in this thesis can be seen in Table 1. The cores represent
all previously mentioned microhabitats (Fig. 3), with the transition from microbial mat to
tubeworm zone to in-ref to reference site representing a gradient of distance away from the

highest CH4 flux. Refer to Appendix 4 for a list of all counted specimens.

Table 1: Overview of sediment cores sampled in this study.

Sampling ROV dive Longitud Water

Station Sample code method no. Latitude e depth (m) Microhabitat Purpose
Vestnesa CAGE22-KHO3- 7843.31 0701.93 Off-site Barcoding,

Ridge MuC1 Multicore N/A 64 N 21E 1380 reference picking
Vestnesa CAGE22-KHO3- 7842.06 0700.79

Ridge BC1 Bladecore 5 60 N 30E 1390 Tubeworm zone Barcoding
Vestnesa CAGE22-KHO03- 7842.04 0701.04 Reference in Barcoding,

Ridge PC8 Pushcore 7 74N 00E 1400 pockmark picking
Vestnesa CAGE22-KHO3- 7842.07 0700.90 Barcoding,

Ridge BC6 Bladecore 8 62 N 31E 1397 Tubeworm zone picking
Vestnesa CAGE22-KHO3- 7842.05 0700.85

Ridge PC15 Bladecore 13 33N 04 E 1391 Microbial mat Picking

An overview of all sequenced specimens can be seen in table 2. Of the 25 Sequenced
specimens, sequences were successfully obtained from 13 specimens, upon inspection
assigned to the morphospecies Bolivina pseudopunctata (Hoglund, 1947), Stainforthia
fusiformis (Williamson, 1858) and Epistominella exigua (Brady, 1884). 11 of the specimens
obtained extraneous sequences, belonging to Lacogromia sp., two unknown Rotaliid

sequences and Stainforthia sp. From one specimen, no sequences were obtained.
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Table 2: Overview of all sequenced specimens.

Isolate no. Morphospecies Sample code Primers Extraneous sequence
21585 Bolivina pseudopunctata KHO3-BC3 14F1-sB Lacogromia sp.
21588 Stainforthia fusiformis KHO03-BC6 14F1-sB
21589 Stainforthia fusiformis KHO03-BC6 14F1-sB
21591 Stainforthia fusiformis KH03-MUC1 14F1-sB
21592 Stainforthia fusiformis KHO03-MUC1 14F1-sB
21597 Stainforthia fusiformis KHO03-PC8 14F1-sB
21601 Stainforthia fusiformis KHO03-MUC1 14F1-sB
21602 Stainforthia fusiformis KHO03-PC2 14F1-sB Unknown Rotaliid
21603 Epistominella exigua KHO03-MUC1 14F1-sB
21604 Epistominella exigua KHO03-MUC1 14F1-sB
21605 Epistominella exigua KHO03-MUC1 14F1-sB
21606 Epistominella exigua KHO03-MUC1 14F1-sB
21558 Small miliolid KHO03-MUC1 14F1-s20r Lacogromia sp.
21559 small miliolid KHO03-MUC1 14F1-s20r Lacogromia sp.
21561 small miliolid KHO03-MUC1 14F1-s20r Lacogromia sp.
21539 Bolivina pseudopunctata KHO03-BC1 14F1-s20r
21540 Bolivina pseudopunctata KHO03-BC1 14F1-s20r
21547 Bolivina pseudopunctata KHO03-BC1 14F1-s20r
21605 Epistominella exigua KHO03-MUC1 14F1-s20r No sequence obtained
21608 Pyrgo sp. KHO03-MUC1 14F1-s20r Unknown Rotaliid
21611 Pyrgo sp. KHO03-MUC1 14F1-s20r Stainforthia sp.
21612 Bottellina labyrinthica KHO03-MUC1 14F1-s20r Lacogromia sp.
21613 Bottellina labyrinthica KHO03-MUC1 14F1-s20r Stainforthia sp.
21614 Bottellina labyrinthica KHO03-MUC1 14F1-s20r Stainforthia sp.
21615 Bottellina labyrinthica KHO03-MUC1 14F1-s20r Stainforthia sp.

4.1 Limitations to the dataset
The dataset obtained for this study was originally sampled and processed for the purpose of
single-cell DNA extraction and barcoding of foraminifera. A large number of foraminifera

were removed without regard for species counting.

This processing hinders meaningful numerical and statistical studies of abundance for most of
the samples collected. For a handful of samples, the picking of foraminifera for barcoding was
almost exclusively targeted at calcareous foraminifera. Rose Bengal staining and subsequent

examination revealed an abundance of stained (live-collected) soft-shelled forms. Thus, while
caution should be taken in assessing the ecological status of foraminifera across microhabitats

based on this dataset, it might at least provide semi-quantitative comparisons of relative
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abundance of select soft-shelled foraminifera, given that a sample size of ~200 specimens
reflect larger trends in ecology.

5 Results

5.1 Scanning electron microscopy

All sequenced specimens can be seen in Plate 1.

5.1.1 Stainforthia cf. fusiformis

The overall test shape is elongated and
fusiform (Fig. 14). Test length ranges between
165 and 318 um, with an average length of 260
pm (n = 20). The widths range between 78 and
162 pm, with an average of 101 pm. The
length:width ratio ranges from 2,0 to 3,9 with
an average of 2,7. The chambers are arranged

in a biserial manner, inflated, elongated, and

overlap each other, increasing in size towards

Figure 14: Scanning electron micrographs of
Stainforthia cf. fusiformis. a: Three of the specimens
that sequenced (Isolate no. 21588, 21589, 21592). b:
Close-up of aperture. c: Close-up of pores.

the apertural end. The micrographed
specimens have 5-10 chambers, with an
average of 7,1. The aperture is usually well-
defined as a large depression at the base of the final chamber, though sometimes covered in
debris (Fig. 14b). Pores are tiny and scattered, usually concentrated more towards the
prolocular end of the chamber (Fig. 14c). Sutures are well-defined with a slight depression.

The proloculus is spherical.

Sequences were obtained from a total of six specimens (Plate 1).
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5.1.2 Bolivina pseudopunctata

The overall test shape is elongated and
approximately coniform, with a torsion more
pronounced in some specimens than others (Fig.
15). Test length ranges between 241 and 443 pm,
with an average of 324 um (n = 17). The torsion of
the test prevented correct measurements of width.
The chambers are arranged in a biserial manner,
inflated and subcircular to elongated, with an
increasing elongation towards the apertural end and

a strong overlap. The micrographed specimens have
13-16 chambers, with an average of 14,6. Pores Figure 15: Scanning electron micrographs of B.

. pseudopunctata. a: The three specimens that
are relatively large and concentrated towards the  sequenced. b: Close-up of pores and ragged sutures.

half of the chamber closest to the proloculus (Fig. e Close-up of aperture showing toohplate
15b). Sutures vary slightly, with some being well-defined and smooth depressions, others less
defined, and some being more ragged in character (Fig 15b). The proloculus is spherical.
Aperture is well-defined where visible, as a depression at the base of the final chamber, with a

straight to semi-curved toothplate (Fig. 15c).
Sequences were successfully obtained from a total of three specimens.

5.1.3 Epistominella exigua

The test is subcircular to circular, with the
chambers arranged in a low trochospiral
coil (Fig. 16). Test diameter range between
243 and 277 um, with an average of 265,5
pum (n = 4). The exact number of chambers
is hard to distinguish due to the not very

well-defined sutures. The test is smooth

around the proloculus, with tiny pores

Figure 16: Scanning electron micrographs of E.
concentrated around the periphery of the epistominella. a: Umbilical view. b: Aperturial view.

test. The aperture is covered by a curved
toothplate (Fig. 16b).
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Sequences were successfully obtained from a total of four specimens.

5.1.4 Milliolida

The unidentified miliolid has an
elongated, fusiform, smooth test, (Fig.
17). Three tubular chambers are
distinguishable on the photographed
specimens, with the apertural chamber

overlapping the others. The specimens

vary in length between 183 and 211

pm, with an average of 199,5 (n = 4).
Figure 17: Scanning electron micrographs of four millolid

The width ranges between 83 and 92 specimens belonging to the same morphotype.

pum, with an average of 86,8 um. The

length:width ratio ranges from 2,2 to 2,4 with an average of 2,3. The most striking feature is

the thick calcareous rim observed around the aperture. While the chamber arrangement is

Plate 1: Scanning electron micrographs of all sequenced specimens. a-c: Bolivina pseudopunctata. d-g:
Epistominella exigua. h-m: Stainforthia cf. fusiformis.
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similar to that of Miliolina oblonga (Montagu, 1803), the calcareous rim and overall chamber
arrangement is most similar to a species named Spirophthalmidium acutimem?, though no
more information is available on this species, outside of a book (Haywards & Ryland, 1990),

that is not available online.

None of the miliolida successfully sequenced.

5.2 Phylogenetic analyses

All phylogenetic trees were constructed using comparable sequences (>84 % identical for B.
pseudopunctata, >95 % identical for Stainforthia cf. fusiformis., > 95 % identical for E.
exigua, outgroup taxa excluded) obtained from the publicly available 18S database of

foraminifera (NCBI; https://www.ncbi.nlm.nih.gov/nucleotide/), using the Basic Local

Alignment Search Tool (BLAST). Sequences were aligned in SeaView v. 4.4.3 (Guoy et al.
2010), using the muscle alignment option. Maximum likelihood phylogenies were constructed
using PhyML 3.0 (Guindon et al. 2010). Suitable substitution models were automatically
selected using Smart Model Selection (LeFort et al. 2017), based on Akaike Information
Criterion, resulting in a GTR+R model being used for B. pseudopunctata, a TN93+R model
being used for Stainforthia cf. fusiformis, and a GTR+G model being used for E. exigua .
Starting trees are based on the BioNJ algorithm (Gascuel, 1997). Standard bootstrap analyses

were performed with 100 replicates.

Table 3: Overview of all newly obtained sequences used in this study, including assigned morphospecies, isolate

numbers, sampling locality and water depth, primers used and sampling microhabitat.

Species Isolate no.  Sampling locality ~ Water depth (m) Primers Microhabitat
Bolivina pseudopunctata 21539 Vestnesa Ridge 1390 14F1-s20r  Tubeworm zone
Bolivina pseudopunctata 21540 Vestnesa Ridge 1390 14F1-s20r  Tubeworm zone
Bolivina pseudopunctata 21547 Vestnesa Ridge 1390 14F1-s20r  Tubeworm zone
Epistominella exigua 21603 Vestnesa Ridge 1380 14F1-sB Reference
Epistominella exigua 21604 Vestnesa Ridge 1380 14F1-sB Reference
Epistominella exigua 21605 Vestnesa Ridge 1380 14F1-sB Reference
Epistominella exigua 21606 Vestnesa Ridge 1380 14F1-sB Reference
Stainforthia cf. fusiformis 21588 Vestnesa Ridge 1397 14F1-sB Tubeworm zone
Stainforthia cf. fusiformis 21589 Vestnesa Ridge 1397 14F1-sB Tubeworm zone
Stainforthia cf. fusiformis 21591 Vestnesa Ridge 1380 14F1-sB Reference
Stainforthia cf. fusiformis 21592 Vestnesa Ridge 1380 14F1-sB Reference
Stainforthia cf. fusiformis 21597 Vestnesa Ridge 1400 14F1-sB In-site reference
Stainforthia cf. fusiformis 21601 Vestnesa Ridge 1380 14F1-sB Reference
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For an overview of all newly obtained sequences used in this study, refer to Table 3. Refer to
Appendix 5 for an overview of all sequences used for phylogenetic analysis in this thesis,
including accession numbers, sampling locality, and water depth at sampling locality where

available.

5.2.1 Epistominella exigua
SSU rDNA sequences obtained from four specimens assigned to the morphospecies E. exigua
sampled from the Vestnesa Ridge reference site (water depth = 1380 m) were compared to 18

sequences belonging to the Epistominella genus (Fig 18).

The 18 sequences include nine E. exigua collected at varying water depths in the Weddell Sea
(AM491306, AM491307, DQ195557, HE998671), Pacific Ocean (FJ185800, FJ185805,
FJ185806) and the Northern Atlantic Ocean (LN873804, LN873805), three Epistominella sp.
1 from King George Island, Antarctica (FJ185807, FJ185808, FJ185812), two Epistominella
sp. 2 from King George Island (FJ185813, FJ185817), one Epistominella sp. 3 from the
Pacific Ocean (FJ185820) and four E. vitrea (Parker, 1953) from McMurdo Sound, Antarctica
(AM491308, AM491312), Weddell Sea (AM491311) and Ushuaia, Argentina (LN873812).
The textulariids Trochammina hadai (Uchio, 1962) (MZ707234) and T. inflata (Montagu,
1808) (MZ707245) were selected as outgroup taxa.

Phylogenetic analysis reveals three major groups with further branching into several
subgroups (Fig. 5). Group 1 comprises all sequences of E. exigua as well as Epistominella sp.
2 (depths 20-100 m) and 3 (depth 1110 m). The well-supported (BV = 90) sister group
comprises E. vitrea (depths 0-1200 m) and Epistominella sp. 1 (depths ~100 m). The
outgroup branches off at the base of the tree, comprising the 2 outgroup taxa T. hadai and T.

inflata.

All E. exigua are grouped closely together, with little to no genetic diversity (Fig. 5), scale is
given as 0,02 substitutions per site). Four E. exigua sampled from depths deeper than 4650 m
(AM491306, AM491307, DQ195557, HE998671, LeCroq et al. 2009) differ slightly from the
rest of the E. exigua, and Epistominella sp. 2 and 3 branch off in a subgroup, although this

relationship is poorly resolved (BV < 50).
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Figure 18: Maximum likelihood tree of the 18S gene of E. exigua. Bootstrap values 250% under
maximum likelihood are shown at nodes. Scale is given at substitutions per site. Newly obtained
sequences are shown in bolded letters with isolate numbers. Sequences from the BLAST database
are shown with assigned species followed by accession number.

The sister group, group 2, is well resolved at all internal branches with all BV > 80 (Fig. 5)
and shows the internal relations between the shallow water species E. vitrea and

Epistominella sp. 1.

5.2.2 Bolivina pseudopunctata
SSU rDNA sequences of three specimens assigned to the morphospecies B. pseudopunctata
collected from the tubeworm zone at Vestnesa Ridge (water depth = 1390) were compared to

13 sequences, mostly belonging to the genus Bolivina (Fig. 19).

The 13 sequences include one B. pseudopunctata from Gullmar Fjord, Sweden (ON818347),
one undetermined foraminiferan sp. N10 from the Atlantic Ocean off-shore Namibia
(FM999849), three B. subaerenensis (Cushman, 1922b) from the Eastern Pacific Ocean
(AY465838, AY465839, AY465840), one B. argentea (Cushman, 1926) from the Santa
Barbara Basin, off the American west coast (JQ013745) two B. cacozela (Vella, 1957) from
New Zealand (LN886734, LN886737), two Bolivina sp. from New Zealand (LN 886738,
LN886739), and for the outgroup taxa two Trifarina earlandi (Parr, 1950) (LN873502,
MG980241) and one Liebusella goesi (Hoglund, 1947) (FR754402) were selected.

Phylogenetic analysis reveals three well-resolved groups (Fig. 19). Group 1 comprises the
three new sequences, with the only other B. pseudopunctata being the closest relative

(although this subgroup is poorly resolved) and the unidentified foraminiferan sp. N10 from
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Figure 19: Maximum likelihood tree of the 18S gene for B. pseudopunctata. Bootstrap values 250% under
maximum likelihood are shown at nodes. Scale is given at substitutions per site. Newly obtained sequences
are shown in bolded letters with isolate numbers. Sequences from the BLAST database are shown with
assigned species followed by accession number.

the Southern Atlantic Ocean branching off. Some genetic variation is observed within the
three new sequences, as isolates no. 21539 and 21547 appear to be closer related than with
sequence no. 21540, although the divergence is very low (scale given at 0,20 substitutions per
site. Group 2 comprises the two Bolivina sp. and one B. cacozela from New Zealand. Group 3
comprises the three B. subaerenensis (water depth = 779 m) as well as B. argentea (water
depth = 430 m) and B. cacozela at the base.

5.2.3 Stainforthia cf. fusiformis

SSU rDNA sequences of six specimens morphologically similar to the morphospecies S.
fusiformis sampled from the outside reference area (21591, 21592, 215601), the in-ref
(21597) and the tubeworm zone (21588, 21589) were compared to 18 sequences, mostly
belonging to the genus Stainforthia (Fig. 20)

The 18 sequences include six S. fusiformis sampled from Skagerrak, Sweden (AY 934744,
HE998670), Dunstaffnage, Scotland (AY934745), Sweden (HG425204), Ushuaia, Argentina
(LN873863, LN873864, LN873865), and Tierra Del Fuego, Argentina (L873869), eight
undetermined Stainforthia sp. from the Beagle Strait, Chile (MG980245, M(G980248,
MG980249, MG980252, MG980253), Admiralty Bay, Antarctica (MG980243) Svalbard
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(AY934743) and Ushuaia, Argentina (LN873866), one Fursenkoina complanata (Egger,
1893) from Gullmar Fjord, Sweden (ON818446), included for its morphological similarities,
and for the outgroup T. hadai (MZ707234) was chosen. The final sequence included, ASV4,
is an amplicon sequence variant (ASV) belonging to a Stainforthia sp., obtained from
metabarcoding of sediments across all micro-habitats in Vestnesa Ridge. This sequence is
shorter with 120 bp, and only comprises the hypervariable region 37f.

Phylogenetic analysis reveals two groups (Fig 20). Group 1 comprises all S. fusiformis
sequences obtained for this study, comprising a moderately supported subgroup at BV = 77,
and displaying a high degree of genetic homogeneity across all micro-habitats, most closely
related with shallow-water specimens (water depth = 44 m) of Stainforthia sp. from Chile and
one specimen of S. fusiformis from unknown water depths at Tierra del Fuego. Further out in
this grouping is a Stainforthia sp. sequence from Svalbard and a Stainforthia sequence from
an environmental sample from the Sea of Japan (water depth = 779 m). Sequences belonging
to S. fusiformis from Dunstaffnage, Scotland and Skagerrak, Sweden, group together in a

subgroup with moderate support at BV = 73. Group 2 comprises three Stainforthia sp. from

Trocchamina hadai MZ707234

ASV4 AKMA2

Fursenkoina complanata ON818446
Stainforthia sp. MG980248
Stainforthia fusiformis LN872864

Stainforthia fusiformis LN872863

iﬁgtainforthia sp. MG980243 Group 2

Stainforthia fusiformis LN873865
Stainforthia sp. LN873866
Stainforthia sp. MG980245
Stainforthia fusiformis AY934744
Stainforthia fusiformis AY934745
Environmental sample JN003678
Stainforthia sp. AY934743
Stainforthia sp. MG980253
78] Stainforthia sp. MG980249
Stainforthia fusiformis LN873869 Group 1
Stainforthia sp. MG980252
Stainforthia cf. fusiformis 21589
Stainforthia cf. fusiformis 21591
Stainforthia cf. fusiformis 21592
Stainforthia cf. fusiformis 21597
Stainforthia cf. fusiformis 21588
Stainforthia cf. fusiformis 21601

Subgroup

0,10 Subgroup

Figure 20: Maximum likelihood tree of the 18S gene from Stainforthia cf. fusiformis from reference site, in-site
reference and tubeworm zone at Vestnesa Ridge. Bootstrap values 250% under maximum likelihood are shown
at nodes. Scale is given at substitutions per site. Newly obtained sequences are shown in bolded letters with
isolate numbers. Sequences from the BLAST database are shown with assigned species followed by accession
numbers.
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Argentina, Antarctica, and Chile, as well as one S. fusiformis from Argentina. The third
group, of all the Stainforthia sequences most distantly related to the new sequences,

comprises two S. fusiformis from Argentina and one Stainforthia sp. from Chile. Fursenkoina
complanata branches off as an outgroup to the clade comprising all Stainforthia sequences,

and at the base of the tree the outgroup taxon T. hadai branches off together with the ASV.

5.3 Results of the morphological dataset

A total 801 Rose Bengal-stained specimens belonging to 56 taxonomical units were picked
from the four samples. After the removal of calcareous taxa due to the aforementioned
limitations to the dataset, the total number of identified specimens was 713 and of

taxonomical units 39 (Fig. 21).

Taxonomical composition

Em Psaemmespherids

(@ Saccamminids

3 Allogromiids

Em Multilocular Agglutinated
Hm Calcareous

n=801 n=713

Bl "Working" morphospecies
Bl Indeterminate
Hm Genus
B Species

Total taxonomic units=56 Total taxonomic units=39

Figure 21: Overview of the taxonomical composition of the dataset
before and after removal of calcareous taxa. Top: Taxonomical
compostion based on informal morphological groupings. Bottom:
Highest assigned taxonomical rank of the specimens in the dataset.

The sample recovered from the reference site, after removing calcareous taxa, contained 163
identified specimens belonging to 33 taxa. The sample recovered from the in-ref contained
183 specimens, belonging to 22 taxa. The sample recovered from the tubeworm zone
contained 175 specimens, belonging to 33 taxa. The sample recovered from the microbial mat

contained 192 specimens, belonging to 15 taxa.
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A large number of various
monothalamids and multilocular taxa
were removed from the samples for
barcoding studies prior to Rose Bengal
staining. Some of these can be seen in
Plate 2.

5.3.1 Faunal composition

For all samples, the most picked
specimens are saccamminids,
comprising 40% of the assemblage at
the reference site, 45% at the in-ref site,
61% in the tubeworm zone and 80% in
the microbial mat (Fig. 22).
Psammaosphaerids also constitute a
significant proportion of all
assemblages, with 25% at the reference
site, 32% at the in-ref, 26% in the
tubeworm zone and 19% in the
microbial mat (Fig. 22). The
allogromiids display a declining trend
towards the microbial mat, with 25%

at the reference site, 16% at the in-ref,

100+

Plate 2: A selection of benthic foraminifera picked from the
dataset for barcoding studies. a: Cribrostomoides
crassimargo. b: White saccamminid 1. c: Hippocrepinella
hirudinea. d: Uknown allogromiid. e: Vanhoeffenella sp. f:
Bottelina labyrinthica. g: Phainogullmia sp. h: Pelosina
variabilis. i: Undetermined miliolida. j: Cassidulina sp. k:
Stainforthia fusiformis. I: Unknown saccamminid. m: Bolivina
pseudopunctata. n: Cibicidoides wuellerstorfii. 0: Rheophax
guttifer. p: Bowseria-like. g: Unknown silver saccamminid. r:
Bathysiphon sp. s: Chrithionina hispida. t: Pelosina variabilis.
u: Rheophax subfusiformis. v: Pyrgo sp.

50+

Relative abundance (%)

Bl Psaemmespherids

B Saccamminids

= Allogromiids

= Multilocular Agglutinated

Ref In-ref  Tubeworms Mat

Microhabitats

Figure 22: Relative abundance of the informal morphogroups at the different sampling microhabitats.
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9% in the tubeworm zone and 1% in the microbial mat (Fig. 22). Finally, the multilocular
agglutinated taxa exhibit a similar declining trend with proximity to the microbial mat,
comprising 10% of the assemblage at the reference site, 6,5% at the in-ref and 4% in the
tubeworm zone before disappearing completely from the assemblage in the microbial mat
(Fig 22).

Select saccamminids can be seen in Fig. 23. A total of 17 saccamminid morphotypes were
identified across the four samples. The number of saccamminid types at each site range
between seven and 12, with the most diverse saccamminid assemblage found in the tubeworm

Zone.

Select psammosphaerids can be seen in Fig. 24. A total of nine psammosphaerid morphotypes
were identified across the four samples. The number of psammosphaerids types at each site
range between five and seven, with the most diverse psammosphaerid assemblage found in

the tubeworm zone.

Figure 23: Select saccamminids. a-b: Saccamminid sp. 6. c-e: White saccamminid 1. f: Reference image of
Saccamminid sp. 6 from Sabbatini et al. 2013. g: Unidentified saccamminid 2 from Majewski et al. 2005. h: White
saccamminid 2. i: Saccamminid sp. 6e. j;: Psammophaga sp. k: reference for Psammosphaga. Photos by Jan
Pawlowski. I: Psammosphaga sp. 2. n: Saccamminid sp. 6e.




Figure 24: Psammosphaerids. a: Psammosphaerid sp. 1. b: Reference image for
Psammosphaerid sp. 1. c: Psammosphaerid sp. 2. d: Reference image of Psammosphaerid sp. 2
e: Psammosphaerid sp. 3. f: Reference image of Psammosphaerid sp. 3. g: Psammosphaerid sp.
4. h: Reference image of Psammosphaerid sp. 4. i: Psammosphaerid sp. 5. j: Reference image of
Psammosphaerid sp. 5. k: Psammosphaerid sp. A. I: Reference image of Psammosphaerid sp. A.
All reference images sourced from Sabbatini et al. (2013)

Select allogromiids can be seen in Fig. 25. Seven morphotypes were identified across the four

samples. The number of allogromiid types at each site ranges between one and four, with the

fewest found in the microbial mat.
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Figure 25: Select allogromiids. a: Allogromiid sp. G. b: Reference image of Allogromiid sp. G from Sabbatini et al.
2013. c: Goodayia sp. d: Reference image of Goodayia sp. from Sabbatini et al. 2013. e: Vellaria sp. f: Reference
image of Vellaria sp. from Sabbatini et al. 2013. g: Mudball allogromiid.

Select multilocular agglutinated foraminifera can be seen in Fig. 26. A total of six species

were identified. The number of multilocular agglutinated species at each site range between

zero and five, with the most diverse assemblage being found at the reference site and no

species identified in the microbial mat.

The ten most occurring species across all samples can be seen in Table 4.

Table 4: The top ten species ranked by abundance in all samples combined.

Ranked

Ooo~NOOTULTLS, WN -

[EEN
o

Species
Psammosphaerid sp. 4
Saccamminid sp. 6
Allogromiid in mudball
Psammophaga sp.
White saccamminid 1
Unidentified saccamminid 1
Saccamminid sp. 6e
Psammosphaerid sp. 1
Unidentified saccamminid 2
Saccamminid sp. 17
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Number
71
65
63
52
48
44
34
33
32
31

% of total assemblage
9,96
9,12
8,84
7,30
6,73
6,17
4,77
4,63
4,50
4,35



The most abundant species found was
Psammaosphaerid sp. 4 (Fig. 249), as
seen in Sabbatini et al. (2013), which
made up ~10% of the total assemblage
and was found in each microhabitat.
This morphotype is monothalamous

with a spherical, finely agglutinated test,

comparably thinner than that of
Psammosphaerid sp. 1, and comparably  Figure 26: Select Multilocular agglutinated specimens. a:

. Rheophax nodulosa. b: Rheophax guttifer. c: Rheophax
coarser than that of Psammosphaerid sp.  subfusiformis.

2, which has an opaquer test (Fig 24).

Saccamminid sp. 6 (Fig. 23a-b), as seen in Sabbatini et al. (2013) was found in high
abundance in three out of four microhabitats, comprising ~10% of the total assemblages at the
reference site, in-ref and microbial mat, but was nearly absent in the tubeworm zone. This
morphotype has a subspherical agglutinated test, with a characteristic neck tapering towards

the aperture.

Allogromiids encased in sediments, called mudballs (Fig. 25g), were found in high abundance
in the reference zone, with abundance declining towards the microbial mat, where it was
almost absent. These are identified as subspherical and largely featureless clumps of fine

sediment, unconsolidated and prone to break when touched with picks or brushes.

Psammophaga sp. (Fig. 23j) was largely absent from the two reference sites, but abundant in
both the tubeworm zone and the microbial mat, comprising 15% of the total assemblage in the
latter sample. The species has a finely agglutinated and oval test, tapering towards the

apertural end.

White saccamminid 1 (Fig. 23c-e) was common in all microhabitats except for the microbial
mats, comprising ~1% of the total assemblage. This morphotype has an oval to droplet-
shaped test of fine quartz grains and a prominent apertural neck. Although it has no assigned
“working” morphospecies known from the literature, it is morphologically similar to the

unidentified saccamminid 2 found in Majewski et al. (2005). It is distinguishable from the
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white saccamminid 2 (Fig. 23h),
occurring at the reference site and the
in-ref, by the presence of a distinct

apertural neck.

Unidentified saccamminid 1 (Fig.
27a-c) occurred only in the microbial
mat, where it was highly abundant
and comprised 23% of the total
assemblage. This morphotype,
undescribed in the literature, has an

approximately dome-shaped test of

Figure 27: Unidentified saccamminids. a-c: Unidentified
fine agglutinated material and is saccamminid 1 attached to grains. d: Cluster of Unidentified
saccamminid 1. e-f: Unidentified saccamminid 2.

found attached to larger quartz grains.

Saccamminid sp. 6e (Fig. 23i,n). occurred in moderate abundance in the in-ref, tubeworm
zone and microbial mat. As seen in Sabbatini et al. (2007), this morphospecies has an
agglutinated oval test, similar to Psammophaga sp., but with less tapering towards the
aperture, and a rougher surface texture. The large cytoplasm and slightly opaque test is
comparable to the psammosphaerids.

Psammaosphaerid sp. 1 (Fig. 24a), the second most abundant psammosphaerid, occurred in
moderate abundance across all samples. It is morphologically similar to Psammosphaerid sp.

4, but with a thicker agglutinated test.

Unidentified saccamminid 2 (Fig. 27e-f), like unidentified saccamminid 1, occurred only in
the microbial mat, where it was found in great abundance, comprising ~17% of the total
assemblage. It has a rough surface texture, with a patchy agglutinated test covering the inner

organic layer. The shape is roughly oval, tapering towards a presumed aperture.

Saccamminid sp. 17, as seen in Sabbatini et al. (2007), occurred in limited abundance in the
in-ref, tubeworm zone and microbial mat. This morphotype has a thin test of relatively coarse
material arranged in a plate-like manner giving it a distinct surface texture. In some

specimens, two apertures were observed.

36



The multilocular agglutinated species were mostly represented by members of the genus
Rheophax (Fig 26), with R. guttifer (Brady, 1881) being most abundant, though still very rare

with eight total specimens identified, all within the reference site.

5.4 Diversity indices

Taxonomic richness varied amongst the sites, with the highest richness observed at the
tubeworm zone with a total of 26 identified species, and the lowest at the mat with 14 (Fig.
28). The reference site had a slightly higher taxonomic richness than at the in-ref, with 22 and
18 identified taxa, respectively. The Shannon-Wiener index was fairly stable, for the first
three sites with H’=2,63 at the reference site, 2,79 at the in-ref and 2,77 at the tubeworm zone.
A significant drop is observed at the microbial mat, with H’=2,23 (Fig. 28). Fisher’s a
fluctuated among the sites, starting at a=6,9 at the reference site, decreasing to 4,9 at the in-
ref, increasing to 8,4 at the tubeworm zone, before dropping down to 3,5 at the microbial mat
Fig. 28). Interestingly, the evenness (J’) is comparatively high for the in-ref at J’=0,96 while
stable at all other sites at ~0,85 (Fig. 28). Simpsons index of diversity (1-D) shows a small
rise from the reference site to the in-ref, at 1-D=0,90 and 0,93, respectively, before showing a
declining trend towards the microbial mat, with 0,91 and 0,87 for the tubeworm zone and the

microbial mat, respectively (Fig. 28).

Diversity indices
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Figure 28: Biodiversity indices calculated for the morphologcial dataset.

37



Overall, the biodiversity indices indicate a comparatively lower diversity in the microbial mat.
The highest diversity is observed in the tubeworm zone, and in the in-ref the specimens are

most evenly distributed amongst the present species.

6 Discussion

6.1 Molecular studies

The high number of extraneous sequences belonging to Stainforthia could indicate some
cross-contamination in the laboratory, as many Stainforthia specimens were also processed as
part of the project. This highlights the importance of sterile lab conditions while carrying out

DNA sequencing in the lab.

6.1.1 Epistominella exigua 21603 E. exiqua Gede

. ) 21604 E. exigua GCGC

Although spanning great geographical 21605 E. exiqua GEGC

21606 E. exigua GCGC

H H i LN873805 E. exigua GCGC

distances, E. exigua displays very low Neragor o aug = K |
. . . . DQ195557 E. exiqua GCGCGC
diversity across different populations. The HES98671 £. exiqua cococe

AMA491306 E. exiqua GCGCGC

newly obtained sequences are identical to the AM491307 E. exiqua GEGEGE
I
T=>C
Figure 29: Parts of sequences belonging to the E.

Atlantic, and the sequences obtained from an  €xigua used in the phylogeny, showing the single
substitution _(T->C) differentiating the abyssal Weddell

abyssal population (>4650 m water depth) Sea population from other E. exigua.

only differ by a single substitution (T->C) (Fig. 29). This is in line with previous studies by

Pawlowski et al. (2007) and LeCroq et al. (2009), who hypothesized the four Weddell Sea

specimens to represent a subpopulation undergoing speciation. Comparingly, the shallow-

sequences obtained from the Northern

water species E. vitrea shows a higher degree of genetic diversity, across much smaller
geographical distances (from Argentina to Antarctica) with a total of 36 single nucleotide
polymorphisms (SNPs) identified through pairwise comparisons of the four sequences

belonging to E. vitrea.

While the uniformity of deep-sea environments might result in global genetic homogeneity
(LeCroq et al. 2009), cold-seep environments with their stronger environmental gradients and
unique associated communities, might provide the ecological niche for genetic differentiation.
However, all sequences of E. exigua obtained for this study are from the reference site, and

more sequences would need to be obtained to look into this.
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Overall, the phylogenetic analysis clearly distinguishes the sequences down to species-level
to a satisfying degree (Fig.18).

6.1.2 Bolivina pseudopunctata

Some genetic differentiation is observed within the 3 newly obtained sequences, likely due to
natural genetic variation. Some divergence is observed from the other B. pseudopunctata
included in the analysis, indicating some genetic heterogeneity across geographical distance
or between environments. Unfortunately, sampling depth was not available for the other B.
pseudopunctata from Gullmar Fjord, and no other confirmed B. pseudopunctata sequences
were available from the BLAST database for further comparison. Foraminifera sp. N10 from
off-shore Namibia likely represents a closely associated species or perhaps even B.

pseudopunctata, although no further information was available on this sequence.

Overall, the phylogenetic analysis manages to distinguish the sequences down to species-level

to a satisfying degree (Fig 19).
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Figure 30: Taxonomic composition of most abundant foraminifera
ASVs (>10000 reads) at various oil- and methane seep sites near
Svalbard, including Svyatogor ridge (Stations 5-7). Note the
abundance of Stainforthia-like sequences, as well as the many
undetermined ASVs.

Source: Progress report by Pawlowski et al. commissioned by
Giuliana Panieri for the AKMA project.

6.1.3 Stainforthia cf. fusiformis
The interest in the genus Stainforthia in relation to seep environments was spurred by a pilot
study by Pawlowski et al. (Unpublished, progress report commissioned by Prof. Giuliana

Panieri on behalf of the AKMA project), which reported an abundance of Stainforthia-like
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sequences obtained from Illumina high-throughput sequencing of sediments from cold seeps
at varying sites, including Svyatogor Ridge (Fig. 30).

The six newly obtained sequences show an overall genetic homogeneity across all sampling

habitats, with only three incidents of SNP, likely due to natural genetic variation.

Evolutionary relationships are not immediately clear based on the phylogeny, with complex
branching patterns and no clear distinction between the sequences assigned to S. fusiformis
and Stainforthia sp. (Fig. 20). Even the placement of F. complanata outside the clade
comprising all Stainforthia sequences is very poorly resolved at BV = 17. The newly obtained

sequences show a high genetic 37f
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particular phylogeny only managed
to resolve a single species
relationship to a satisfying degree,
with the grouping of the two Northern Atlantic S. fusiformis sequences within group 1 (Fig.
20).

A closer look at the sequences reveals some similarities within the 3 groups. Figure 31 shows
the two foraminifera-specific hypervariable regions 37f and 41f. Group 2 and 3 appear to
differ from group 1 by a 15 bp long insertion in the 37f region (Fig. 31a). Conversely, group 1
differs from group 2 and 3 with a highly variable insertion in the 41/f region (Fig. 31b).
Members of the same shallow-water population (Beagle Strait, 44 m water depth, accession
nos. MG980248-MG980253) can be observed in both group 1 and 3, possibly indicating
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cryptic speciation or at least high molecular diversity even at a small geographical scale. A
study by Majda et al. (2018) divided Stainforthia sequences (including the previously
mentioned Beagle Strait population) obtained from across the Drake Passage into 4 molecular
operational taxonomic units (MOTUS), with up to 7% genetic dissimilarities within the
populations. This is in contrast to the Epistominella genus, displaying a largely global genetic
homogeneity with clear species delineation (Fig. 18). Overall, the available sequences do not
seem to provide a clear delineation of the molecular boundaries of the species S. fusiformis, as

evident from the phylogeny (Fig. 20) and sequence differences (Fig. 31).

The ASV unexpectedly groups closest to the outgroup taxa, at the base of the tree (Fig. 20).
This is likely an artifact caused by the sequence being rather short at 120 bp and only
covering the 37f hypervariable region, and not containing enough variation to properly

compare and distinguish it from other sequences.

Comparisons of the 37f region with other sequences (Fig. 31a) reveal that the ASV differs
from the other newly obtained Stainforthia sequences with an insertion more akin to what is
observed in the Stainforthia from group 2 and 3. This is indicative of several different
genotypes of Stainforthia being present. An explanation for this variation could however also
be intragenomic polymorphism. Weber & Pawlowski (2014) studied intragenomic
polymorphism in SSU rDNA of Monothalamea and Globothalamea, including S. fusiformis.
Here, a high level of intragenomic variability was observed, with a sequence divergence as
high as 2,72 % found in S. fusiformis, based on a total of 68 clones of four specimens. For S.
fusiformis, and Globothalamea in general, a high degree of this variability was observed in the
37f region ( See Fig. 2 in Weber & Pawlowski, 2014).

Some efforts have been made to distinguish S. fusiformis from other morphologically similar
Stainforthia sp. Gooday & Alve (2001) compared specimens of S. fusiformis from their
typical coastal setting (55-203 m water depth, Norwegian waters) to a morphologically

similar form, sampled from abyssal depths (4850 m water depth, Porcupine Abyssal Plain).

Though appearing highly similar, biometrics and morphological comparisons revealed subtle

differences: Size. Specimens of S. fusiformis are larger than the abyssal form (80-380 um for

S. fusiformis, compared to 40-150 pum for the abyssal Stainforthia sp.). Chamber morphology.

Chambers were generally found to be more elongated in S. fusiformis, with a greater degree of
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overlap between chambers, in comparison to Stainforthia sp. Pores. Pores are generally larger
and denser in tests of S. fusiformis compared to Stainforthia sp. Apertural region. The
aperture in S. fusiformis is generally located further away from the end of the test in a
prominent depression, bordered by a serrated toothplate. In Stainforthia sp. the depression is
not as well developed, the aperture is located more towards the terminal end and the
toothplate is not serrated and more linear. For a more in-depth description of these features
and differences, refer to Gooday & Alve (2001)

When comparing the newly obtained specimens (Fig. 14, Plate 1) with the material from
Gooday & Alve (2001), the SEM micrographed specimens seem to fit the description of S.
fusiformis better, based especially on the test lengths, greater size, and higher density of pores
and the well-developed aperturial depression. A missing feature is the serrated toothplate,
although many of the SEM micrographed specimens have damaged apertures or have the
aperture hidden away from view. Though S. fusiformis are more commonly found in coastal
to outer shelf bathymetric ranges (Gooday & Alve, 2001), reports of S. fusiformis down to
2200 m water depth in the Northern Atlantic (Austin & Evans, 2000).

Based on available molecular data as well as morphological comparison, the Stainforthia

specimens obtained in this study are (cautiously) identified as Stainforthia cf. fusiformis.

Why the single-cell DNA extraction of these particular specimens only seem to record the
genotype missing the 37f insertion remains a question. One possibility could be that the
genotype recorded in the metabarcoding studies represent the morphologically distinct and
smaller Stainforthia sp., while the barcoded specimens represent Stainforthia cf. fusiformis.
The smaller Stainforthia sp. could be present in the smallest sieve fraction (<63 pm), that

wasn’t studied closely under microscope.

Stainforthia sp. could also be present in the form of propagules, small juvenile forms in a
dormant stage, measuring just 10s of microns (Alve & Goldstein, 2003). Stainforthia sp.,
similar to E. exigua, are opportunists, often found in areas characterized by a seasonal input of
phytodetritus, for example provided by a seasonal algal bloom. Seasonal dormancy has been
reported in other Rotaliids (Ross & Hallock, 2016), and it is possible that Stainforthia sp.

could be present in a resting stage, waiting for an input of phytodetritus. In the Arctic, a

42



seasonal bloom of phytoplankton is observed in early July (Sereide et al. 2010), occurring
after the sampling occurred.

In any case, both genotypes are found across all microhabitats and thus neither seem to

indicate a specific adaptation to seep environments.

6.1.4 Synthesis of molecular studies

The three species and their associated phylogenies represent different aspects of molecular
foraminiferal studies. Genetically homogenous species like E. epistominella can easily be
distinguished from other morphologically similar foraminifera, enabling identification.
Cryptic speciation of isolated or ecologically restricted populations can be recognized for
further studies. Bolivina pseudopunctata was upon first examination assigned to the genus
Brizalina, however its close association with another B. pseudopunctata and the genus
Bolivina in general ensured proper identification. For S. fusiformis, especially compared to E.
epistominella, the molecular species delineation is not as apparent perhaps due to researchers’
caution with assigning species to taxa with a high degree of genetic polymorphism. Here
integrative taxonomy, the combination of morphological and molecular data (Dayrat, 2005),

allowed for distinguishing of two morphologically similar species.

This form of barcoding study serves only to identify the species inhabiting this unique
environment. All sequences will be made publicly available in a future publication, enabling
other researchers in their studies of life in extreme environments. Contributions of barcodes of
identified foraminifera is important, as molecular databases are key to eDNA studies, and for
foraminifera this database is still lacking (Pawlowski & Holzmann, 2014). As of 2014, only
ca. 1% of the foraminiferal species in the World Register of Marine Species had sequences
assigned to them in publically available databases. (Pawlowski & Holzmann, 2014). Notice
the large amount of undetermined ASVs in Fig. 30. The expansion of foraminiferal databases
is an important task, especially given their usefulness in biomonitoring (Schonfeld, et al.
2012).

The interspecific variation reported in this study was low, indicating little to no genetic
variation between microhabitats. However, to properly study genetic variation as an indicator

of adaptation to different environments transcriptomics, the study of the combined RNA
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transcripts in an organism (Lowe et al. 2017), is more suitable. This is however outside the
scope of this thesis.

6.2 Morphological dataset

6.2.1 Biodiversity

Studies of diversity in monothalamous communities can be difficult to compare, in part due to
differences in methodology (Goineau & Gooday, 2017). Sabbatini et al. (2007) studied living
monothalamous assemblages in the inner Tempelfjord, Svalbard (water depth 26-104 m) and
identified a total of 63 monothalamous species across nine sampling stations. Other studies of
Arctic monothalamous assemblages such as Majewski et al. (2005) and Gooday et al. (2005)
have mostly focused on the larger (125 pum+) fractions, however the latter study did identify
36 species in the 63-125 um fraction. Though the sampling environments of the
aforementioned studies differ from the current study, the 32 monothalamous types recognized
in this study does seem a bit high in comparison, especially given the smaller sample size. It
cannot be ruled out that the numbers presented here might be skewed due to lack of expertise
with monothalamous foraminifera. One possible source of error could be the intraspecific
morphological plasticity of some monothalamids (Goineau & Gooday, 2017) leading to
members of the same species erroneously being recognized as different species. On the other
hand, the contrast in taxonomic richness could also be due to greater differences in
environmental parameters in the microhabitats studied in this thesis, as foraminifera are

known for their high degree of specialization (Schonfeld et al 2012)

For an ecological study, the sample size of ~200 picked specimens per sample is in the low
end. However, it should be sufficient for semi-quantitative comparisons of larger trends
across the studied microhabitats and to highlight possible bioindicator species for future

studies.

Removing the calcareous taxa drastically lowers the taxonomic resolution of the dataset (Fig.
21). The calcareous taxa are usually well-studied, and despite only accounting for 11% of the

total dataset, made up for a substantial part of the species-assigned taxa in the dataset.

The low relative abundance of allogromiids is puzzling (Fig. 22). In the study by Sabbatini et

al. (2007) allogromiids made up more than half of all monothalamids and one third of all live
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foraminifera collected in Tempelfjord. In this study, allogromiids only made up ~12% of the
samples, with a declining trend towards the microbial mat. One explanation could be that
saccamminids are more common in this deep-water environment, or more tolerant to the harsh
geochemical conditions in and around methane seeps. Perhaps, like the multilocular
agglutinants, they are also mainly oligotrophs. It is also possible that the allogromiids don’t
preserve as well in ethanol in the long term. Examination of the samples didn’t begin until
roughly four months after collection and ended roughly 11 months after collection due to
limited access to the microscope. In case the delicate allogromiids were degraded in this time,
a considerable component of the foraminiferal assemblages could be missing due to

preservation bias.

Some of the trends observed in this study are in line with previous studies. Dessandier et al.
(2019) found that both abundance and diversity of foraminifera were lower in methane-
charged sediments, and that agglutinated species were few or absent. For monothalamous
foraminifera, the assemblage in the microbial mat showed the lowest diversity, and the
abundance of multilocular agglutinated species gradually decreased from reference zone to
microbial mats (Fig. 21). This decrease in abundance supports the hypothesis from et
Dessandier al. (2019) that the oligotrophic multilocular agglutinants are limited by the
eutrophic conditions of the seep environments at Vestnesa Ridge, something also observed at
other methane seeps (Heinz et al. 2005; Panieri & Sen Gupta, 2008).

While the aforementioned hypothesis is seemingly true for multilocular agglutinants and
maybe allogromiids as well, it does not explain the overwhelming abundance of soft-shelled
agglutinants (Saccamminids and psammosphaerids) in the microbial mat, with the
contribution of saccamminids increasing from reference zone to microbial mat (Fig. 21).
Psaemmosphaerid sp. 4 and Saccamminid sp. 6 show considerable abundance across all
microhabitats, indicating an ability to thrive across various trophic conditions. Psammophaga
sp. shows a high abundance only in the tubeworm zone and microbial mats, while being rare
to absent at the reference site and in the in-situ reference sampling site. This could indicate a
tolerance for the eutrophic conditions found at methane seeps, and perhaps even a symbiotic
relationship with methanotrophic bacteria, akin to what is suggested for M. barleeanus by
Bernhard & Panieri (2018). In order to examine this, further analysis beyond the scope of this

thesis would be needed, such as transmission electron miscroscopy.
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The two undescribed saccamminids combined comprise 40% of the assemblage in the
microbial mats and are completely absent from all other samples. They could potentially
represent bioindicator species, highly specialized to the seep environment, such as the
aforementioned symbioses with methanotroph bacteria. This claim would of course require

more studies.

Though it is difficult to properly characterize the geochemical conditions of the sampling
environment without proper analysis, some inferences can be made. The grey to black color
of the microbial mats, as seen in Fig. 5e, indicate an unstable environment with transport of
methane partially through advection in intense fluxes, as reported by Dessandier et al. (2019).
The two undescribed saccamminids as well as Psammosphaga sp. seem to thrive in this

hostile environment.

Based on the findings of the biodiversity data obtained from the morphological dataset, there
seem to be potential in pursuing barcoding of saccamminids and psammosphaerids in hopes
to improve the quality of future metabarcoding studies of the seep environments. To this
measure, Psammophaga sp., and in particular the two unidentified saccamminids stand out as

prospective candidate species.

6.2.2 Monothalamids as a biomonitoring tool

The FOBIMO initiative (Schonfeld et al. 2012) does not recommend the use of soft-shelled
foraminifera in foraminiferal biomonitoring studies, mostly due to the lack of consistent
morphological identification, the arduous efforts to sort them and the limited knowledge on
their distribution and ecology. While the author of this thesis can attest to several of the
aforementioned statements, it is evident that monothalamids comprise a large portion of
foraminiferal assemblages, and much information on biodiversity is lost by not considering
this group. In the case of Goineau & Gooday (2017) it was estimated that up to 93% of the
foraminiferal diversity would have been lost if the soft-shelled species had not been
considered. Knowledge of soft-shelled foraminifera is ever expanding, including molecular
phylogenetic analysis (Pawlowski et al. 2008) and more recent metabarcoding studies
(Lejzerowicz et al. 2021). Sabbatini et al. (2013) found that 80% of the stained assemblage at
a seep-influenced site in the Adriatic Sea consisted of soft-shelled foraminifera with

Psammaosphaerid sp. 1 representing ~50% of the assemblage, highlighting it’s potential as a
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bioindicator species of seep environments. Though Psammosphaerid sp. 1 doesn’t show the
same abundance in this study, several other species show a similar potential. Soft-shelled
foraminifera are not preserved in the fossil record but could be useful in future ancient eDNA
studies. Furthermore, the hostile conditions imposed by high pCO2 from methane oxidation
has been found to limit or inhibit calcification of foraminiferal tests (Herguera et al. 2014)

and favor agglutinated or organic-walled species.

6.3 Synthesis of methodologies

The datasets obtained and presented in this thesis are unique, as to my knowledge they
represent the first characterization of a soft-shelled community sampled directly from a
microbial mat exhibiting episodic seepage, as well as the first barcode sequences obtained
from the seep-associated tubeworm zone. The aim of this thesis was to advance knowledge on
methane-related foraminifera. It is my hope that the newly obtained knowledge presented here
can prove useful in the further pursuit of a greater understanding of life in extreme

environments.

The different methods employed in this thesis highlight very different aspects of
foraminiferology and biodiversity studies in general. With the molecular approach, the
concept of species is usually highly delineated, and when species is assigned, it is with great
confidence. This can however also lead to reluctance in assigning species based on

morphology alone.

In the case of morphology-based studies, informal groupings and morphotypes have little
phylogenetic evidence, but is useful in studies of lesser studied groups, such as the ones
presented in this thesis. However, it is time consuming and requires a high degree of
expertise. It also does not account for cryptic speciation and in some cases morphological
plasticity, which might lead to under- or overestimation in biodiversity studies.

The two methodologies complimented each other well in this study. The morphological
approach, besides from providing valuable data in and of itself, also managed to highlight
three particular candidate species for metabarcoding studies, as well spur an interest in the

saccamminid group as a whole.
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7 Conclusion

In summary, this thesis has explored foraminiferal biodiversity at Vestnesa Ridge from both a

molecular and morphological perspective.

13 new sequences, obtained from the reference site, in-ref and tubeworm zone have been
described and put into a phylogenetic perspective. Epistominella exigua displayed large
genetic homogeneity and indicated no adaptation in response to environment. However this
genetic homogeneity also makes it easy see when possible speciation arise. Bolivina
pseudopunctata did not display much genetic variation, however, as only one other sequence
assigned to B. pseudopunctata was publicly available, the addition of three more sequences is
surely welcome. The new sequences belonging to Stainforthia cf. fusiformis also did not
display much variance across microhabitats, but differed from the Stainforthia ASV obtained
from metabarcoding studies, indicating the presence of another, perhaps smaller, Stainforthia
sp., a fact that would have been overlooked in morphological studies. All 13 sequences will

help to expand the ever-growing database of foraminiferal sequences.

The morphological studies assessed the biodiversity of a group of foraminifera previously
unstudied in Vestnesa Ridge. Some shifts were observed in foraminiferal assemblage and
biodiversity indices across the microhabitats. Diversity fell with proximity to the microbial
mat, in line with previous studies. Also in line with previous studies was the decrease in
contribution of multilocular agglutinants to the faunal assemblage with proximity to the mat.
This trend was also observed for the organic-walled allogromiids, perhaps indicating a similar
ecological strategy. Psammosphaerids and saccamminids were abundant across all
microhabitats, with the foraminiferal community at the microbial mat being largely made up
of two undescribed saccamminids not present in other samples, indicating a high degree of

specialization to the hostile environment, and a potential for future barcoding studies.
In future studies, the work in this thesis could be followed up in the multiple ways, including:

- More barcoding of seep foraminifera, as none of the foraminifera sampled from the
microbial mats managed to sequence.
- More studies into the monothalamous assemblages of Vestnesa Ridge, as the sample

size was rather low.
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- Molecular studies of some of the lesser described monothalamous taxa to establish
phylogenetic relationships and species delineation and expand the database of
foraminifera adapted to extreme environments as a whole.

- Transcriptomic studies of seep-related foraminifera to uncover possible environmental

adaptations.
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9 Appendix

Appendix 1 - protocol for guanidine extraction (All protocols provided by Maria

Holzmann

Guanidin extraction

Material:

Extraction tubes and pestles , 0.5ml tubes, isopropanol, 70% ETOH, TE-buffer

Maximum speed: 14000rpm

1)

2)
3)
4)

5)
6)

7)
8)
9)

Transfer a foraminifera into a tube containing 50ul guanidin using a minimum volume
of sea water (3-5ul)

Grind specimen with a pestle if necessary

Heat for 15 min at 60°C .

To remove debris, centrifuge at 8000rpm for 1 min and transfer 40 ul of the
supernatant into a new 0.5ml tube

Add 1ul of Glycoblue to each tube

Add the same volume of isopropanol as guanidine (40ul) to each tube and mix by
vortexing

Let precipitate overnight at -20°C

Centrifuge 20min at maximum speed

Remove supernatant, take care to not touch or remove the pellet

10) Wash pellet with 100ul 70% ETOH

11) Centrifuge 1min at maximum speed

12) Remove supernatant, take care to not touch or remove the pellet

13) Dry pellet for 25-30 min at 30°C until all ethanol has evaporated

14) Dissolve pellet in 20ul TE buffer, keep in the refrigerator at least for Lhour or

overnight, vortex from time to time.

15) Store extractions at -20°C.
Guanidin solution for a totale volume of 212 ml

100ml H20, double distilled
100g Guanidinium isothiocyanate
10.6ml Tris 1M pH 7.6

4.25ml EDTA 0.5M

Warm 10’ at 60-70°C, dissolve with stirring then add:

4.24¢g of Sarkosyl (N-Lauroylsarcosine sodium salt)
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2.1ml B-mercaptoethanol

Adjust to 212 ml with distilled H20 and preserve at 4°C

Appendix 2 - Protocol for DNeasy extraction

Before starting: Turn on heat block, adjust the temperature to 65°C

Take an aliquot of the elution buffer AE and preheat to 65°C

Centrifuge the tube with RNase shortly and put it on a rack

Prepare and number all tubes (lilac and white spin columns each with collection tubes and one
extra collection tube per sample, 1.5ml tubes; you need two 1.5ml tubes per sample)

Transfer 675ul buffer AW1 in 1.5ml tubes and close them

1)
2)
3)
4)
5)

6)

7)
8)

9)

Add 400ul Buffer AP1 to an extraction tube 1.5ml

Add one or several cells

Crush the cells with a pestle

Add 4ul RNasa A solution to each tube and vortex

Incubate the mixture for 10min at 65°C. Mix 2 or 3 times during incubation by
inverting the tube

Add 130ul Buffer P3 to the lysate, mix and incubate 5min on ice

Centrifuge at maximum speed for 5min

Pipet the lysate into the QlAshredder Minispin column [lilld8) placed in a 2ml
collection tube without disturbing the cell-debris pellet and centrifuge for 2min at
maximum speed

Transfer the flow-through into the tube that contains the buffer AW1 and mix by

pipetting.

10) Pipet 650ul of the mixture into the DNEasy Minispin column (white) placed in a 2ml

collection tube. Centrifuge 1min at 8000rpm

11) Discard flow-through. Repeat step 10 with remaining sample. Discard flow-through

and collection tube.

12) Place the DNEasy Mini spin column into a new 2ml collection tube, add 500ul Buffer

AW?2 and centrifuge 1min at 8000rpm. Discard flow-through

13) Add 500ul Buffer AW2 to the DNEasy Mini spin column and centrifuge for 2min at

maximum speed.

14) Transfer the DNEasy Mini spin column to a 1.5ml tube and pipet 50ul of preheated

Buffer AE directly onto the DNEasy membrane. Incubate for 5min at RT and then
centrifuge for 1min at 8000rpm to elute.
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Appendix 3 — PCR and amplification protocol.
PCR Mix for one tube:

Before preparing the mix, vortex buffer, ANTP’s, primers, BSA and the DNA extracts.
NEVER vortex the Tag Polymerase!

Work on ice!

H20 bidistilled: 19.5ul
Buffer (10x): 2.5ul
- dNTP’s (10mM): 0.5ul
- Primer1(10pm): 0.5ul

- Primer2(10pm): 0.5ul

- BSA (20mg/ml): 0.5ul

- Taq polymerase: 0.1ul

- DNA sample: 1ul

For more than one PCR, prepare a master mix, vortex and distribute 24ul into each tube; add

then 1ul of extracted DNA to each tube, close and vortex each tube, do the PCR.
AMPLIFICATION:
Hotlid: 105°C

1: 95°C - 60 sec

2: 94°C-30 sec
3:50°C-30 sec

4: 72°C-90sec

Go to 2-34x
5:72°C-3min
REAMPLIFCATION:

Hotlid: 105°C
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1: 95°C-60-sec
2: 94°C-30 sec
3: 52°C-30 sec
4:72°C-90 sec
Go to 2-24x
5:72°C-3min

For the reamplifiction prepare the same master mix as for the first amplification, distribute it

into the PCR tubes and add 1ul of the product from the first amplification to each tube.

Appendix 4 — Counting table/morphological dataset

Taxa Ref In-ref Tubeworm zone Mat
Psaemmospherid sp. 1 9 12 5 7
Psaemmespherid sp. 2 7 13 5 2
Psaemmospherid sp. 3 10 8 3 8
Psaemmospherid sp. 4 12 15 26 18
Psaemmespherid sp. 5 0 11 2 1
Psaemmospherid sp. 7 0 0 4 0
Psaemmospherid sp. 8 0 0 1 0

Psaemmospherid A 2 0 0 0
Saccamminid sp. 6 20 23 3 19
Saccamminid sp. 6e 0 13 7 14
Saccamminid sp. 7 1 0 20 0
Saccamminid sp. 12 11 0 12 0
Saccamminid sp. 14 0 0 7 0
Saccamminid sp. 17 0 12 10 9
White saccamminid 1 11 9 26 2
White saccamminid 2 7 16 0 0
Elongate silver saccamminid 2 0 2 0
Elongate saccamminid 0 0 1 0
Brown saccamminid w/o tube 8 0 0 5
Psammosphaga sp. 6 0 17 29
Conqueria-like sp 0 7 0 0
Psammosphaga 2 0 3 1 0
Phainogullmia sp 0 0 1 0
Unidentified saccamminid 1 0 0 0 44
Unidentified saccamminid 2 0 0 0 32
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Mudball allogromiid
Allogromiid sp 5
Allogromiid sp 7
Allogromiid sp G

Goodayia sp.
Vanhoeffenella sp
Vellaria sp
Rheophax sp.
Rheophax guttifer
Rheophax subfusiformis
Rheophax nodulosa
Bathysiphon sp
Hippocrepinella hirudinea
S. fusiformis
B. pseudopunctata
B marginata
B skagerakkensis
G turgida
B frigida
Lagena sp.
Lagena striata
Lagena sp. 2

M. barleeanus

Spirophthalmidium acutimargo

E exigua
C wuellerstorfi
Bucella tenerrima
N labradorica
C reniforme

Dentalina sp.
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Appendix 5 - Overview of sequences used in phylogenetic analysis

*Own specimens marked with isolate no.

Species
Bolivina argentea
Bolivina cacozela

Bolivina
pseudopunctata

Bolivina
pseudopunctata

Bolivina
pseudopunctata

Bolivina
pseudopunctata
Bolivina sp. FF65
Bolivina sp. FF126
Bolivina sp. FF127

Bolivina subaerenensis
Bolivina subaerenensis
Bolivina subaerenensis
Environmental sample
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella exigua
Epistominella sp. 1
Epistominella sp. 1
Epistominella sp. 1
Epistominella sp. 2
Epistominella sp. 2
Epistominella sp. 3
Epistominella vitrea
Epistominella vitrea
Epistominella vitrea
Epistominella vitrea

Accession/isolate* no.
JQ013745
LN886734

ON818347
21539
21540

21547
LN886737
LN886738
LN886739
AY465838
AY465839
AY465840
JNO03678

21603

21604

21605

21606

AMA491306
AM491307
DQ195557
FJ185800
FJ185805
FJ185806
HE998671
LN873804
LN873805
FJ185807
FJ185808
FJ185812
FJ185813
FJ185817
FJ185820
AM491308
AM491311
AM491312
LN873812
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Sampling locality
Santa Barbara Basin, USA
New Zealand

Gullmar Fjord, Sweden
Vestnesa Ridge, Arctic Ocean
Vestnesa Ridge, Arctic Ocean

Vestnesa Ridge, Arctic Ocean
New Zealand
New Zealand
New Zealand
Eastern Pacific
Eastern Pacific
Eastern Pacific
Sea of Japan
Vestnesa Ridge, Arctic Ocean
Vestnesa Ridge, Arctic Ocean
Vestnesa Ridge, Arctic Ocean
Vestnesa Ridge, Arctic Ocean
Weddell Sea, Antarctica
Weddell Sea, Antarctica
Weddell Sea, Antarctica
Pacific Ocean
Pacific Ocean
Pacific Ocean
Weddell Sea, Antarctica
Northern Atlantic
Northern Atlantic
King George Island, Antarctica
King George Island, Antarctica
King George Island, Antarctica
King George Island, Antarctica
Ushuaia, Argentina
Pacific Ocean
McMurdo Sound, Antarctica
Weddell Sea, Antarctica
McMurdo Sound, Antarctica
Ushuaia, Argentina

Sampling depth
(m)
430
N/A

N/A
1390
1390

1390
N/A
N/A
N/A
779
779
779
976

1380

1380

1380

1380

> 4650
> 4650
> 4650

1990

1905

1905

>1200

N/A
N/A
107
108
100
100

20
1110
200-1200
0-200
200-1200
N/A



Foraminiferan sp. N10 FM999849 Atlantic Ocean N/A
Fursenkoina
complanata ON818446 Gullmar Fjord, Sweden N/A
Liebusella goesi FR754402 Oslo Fjord, Norway 157
Stainforthia fusiformis 21588 Vestnesa Ridge, Arctic Ocean 1397
Stainforthia fusiformis 21589 Vestnesa Ridge, Arctic Ocean 1397
Stainforthia fusiformis 21591 Vestnesa Ridge, Arctic Ocean 1380
Stainforthia fusiformis 21592 Vestnesa Ridge, Arctic Ocean 1380
Stainforthia fusiformis 21597 Vestnesa Ridge, Arctic Ocean 1400
Stainforthia fusiformis 21601 Vestnesa Ridge, Arctic Ocean 1380
Stainforthia fusiformis AY934744 Skagerrak, Sweden N/A
Stainforthia fusiformis AY934745 Dunstaffnage, Scotland N/A
Stainforthia fusiformis HE998670 Skagerrak, Sweden N/A
Stainforthia fusiformis HG425204 Sweden N/A
Stainforthia fusiformis LN873863 Ushuaia, Argentina N/A
Stainforthia fusiformis LN873864 Ushuaia, Argentina N/A
Stainforthia fusiformis LN873765 Ushuaia, Argentina N/A
Stainforthia fusiformis LN873869 Tierra Del Fuego, Argentina N/A
Stainforthia sp. AY934743 Spitsbergen, Svalbard N/A
Stainforthia sp. MG980243 Admiralty Bay, Antarctica 119
Stainforthia sp. MG980245 Admiralty Bay, Antarctica 119
Stainforthia sp. MG980248 Beagle Strait, Chile 44
Stainforthia sp. MG980249 Beagle Strait, Chile 44
Stainforthia sp. MG980252 Beagle Strait, Chile 44
Stainforthia sp. MG980253 Beagle Strait, Chile 44
Stainforthia sp. LN873866 Ushuaia, Argentina N/A
Trifarina earlandi LN873502 McMurdo Sound, Antarctica 17
Trifarina earlandi MG980241 Beagle Strait, Chile 16
Trochammina hadai MZ707234 Australia N/A
Trochammina inflata MZ707245 Germany N/A
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