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Abstract

The Arctic Ocean is the oceanic region currently most affected by the global climate
change. Consequently, the retreat of the Arctic Sea ice and the general warming of the Arctic
waters might lead to major changes in the biota and ecosystems functioning of the Arctic
Ocean. One of the most important drivers of the biogeochemical cycles in the marine
environment are microbes. We followed the dynamics of the marine heterotrophic and
autotrophic microbial community in the waters off West Greenland, specifically Alteromonas.
Specific emphasis has been put on the contribution of Alteromonas on anaplerotic metabolism,
i.e., the utilization of dissolved inorganic carbon (DIC) for biomass production. Using
microautoradiography combined with catalyzed reporter deposition-fluorescence in situ
hybridization (MICRO-CARD-FISH) we have determined the abundance, heterotrophic and
chemolithoautotrophic or anaplerotic activity of the prokaryotes and Alter-omonas in the
summer season in the waters off the coast of West Greenland. We found a depth-related
distribution of Alteromonas with high abundances in the photic zone and a higher abundance at
nearshore than offshore stations. Furthermore, the highest heterotrophic to chemolithoauto-
trophic ratio was found in the photic zone, while the lowest ratio (< 1) was recorded for the
bottom waters. Alteromonas was found to contribute 7.4 % to total prokaryotic DIC fixation and
4.4 % to prokaryotic heterotrophic activity. Thus, we conclude that Alteromonas could play a
major role in the hetero- as well as autotrophic carbon cycling in the Arctic Ocean.
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Introduction

The Arctic

The melting of sea ice in polar regions is a widely recognised consequence of a global
climate system changes (Kumar et al., 2010). Every year, the Greenland ice sheet loss is on average
281 gigatons of mass (https://gracefo.jpl.nasa.gov/resources/33/greenland-ice-loss-2002-2016/).
The substantial influx of meltwater into oceanic systems results in the modification of physical
and chemical properties of the Arctic Ocean. In addition to sea level rise, increased stratification
and changes in the flow of oceans’ currents represent the most important modified physical char-
acteristics of the Arctic. This leads to changes in nutrient supply and exchange between deeper
waters and the surface waters due to increased stratification (Padmasini et al., 2021). Even though
there are reports of increased net primary production linked to the sea ice loss, it is still unknown
how the nutrient flux to the surface waters affects primary production of this area (IPCC, 2019).

The coastal regions serve as interface between the land and marine environment. The ma-
rine system off the western coast of Greenland comprises Baffin Bay in the north, Davis Strait and
the Labrador Sea in the south (Rysgaard et al., 2020). Within this region, two significant currents
are observed: cold and fresh southward-flowing Baffin Island Current (BIC) and a warm and saline
northward-flowing West Greenland Current (WGC) (Nansen, 1912).

The Arctic Ocean exhibits pronounced seasonality primarily influenced by sunlight (Leu
et al., 2015). In winter, when the ice cover is complete, brine leakage contributes to vertical water
mixing, bringing nutrients to the surface. At the beginning of the spring, the intensifying solar
radiation accelerates the ice melt. The combination of favourable light conditions and nutrient
availability fosters phytoplankton blooms. In this region, primary production occurs from April
to September (Wassmann, 2011). With the diminishing solar radiation at the onset of au-tumn,
the ice begins to form again. In the summer season, Nielsen and Hansen (1999) documented the
presence of subsurface phytoplankton blooms situated near the pycnocline in Disko Bay, off the
western coast of Greenland, particularly when the water column exhibited strong stratification.
The authors also noted elevated bacterial abundance in the vicinity of the pycnocline, and the
combined effects of these bacterial communities and the phytoplankton bloom potentially contrib-
ute to the overall productivity of the region (Nielsen and Hansen, 1999).

Microbial activity in the dark ocean

As sunlight penetrates down to 200 m depth, it leaves a significant fraction of the oceans’
volume, approximately 1.27 x 10'® m* (Orcutt et al., 2011), in the dark, which represents the largest
habitable region on Earth. The average abundance of prokaryotes in the deep oceanic water (bel-
low 200 m) is approximately 5 x 10* cells/mL corresponding to about 6.5 x 10* cells (Whitman
et al., 1998).

Microbes are active in the dark ocean albeit the organic matter decreases in its bioavaila-
bility with depth (Herndl et al., 2023). The occurrence and type of redox reactions depend on the
availability of electron donors and acceptors, which further depends on horizontal and
vertical mixing of water (Orcutt et al., 2011).

Heterotrophy, the utilization of organic carbon, was regarded as dominant metabolic
path-way among prokaryotes in the dark ocean until a discrepancy between particulate organic
carbon flux (POC) and heterotrophic prokaryotic carbon demand was observed (Baltar et al.,
2009). This discovery has paved the way for the exploration of dissolved inorganic carbon (DIC)
fixation, as


https://gracefo.jpl.nasa.gov/resources/33/greenland-ice-loss-2002-2016/

chemolithoautotrophy was found to contribute to the prokaryotic carbon demand as much as the
POC flux (Baltar et al., 2010). The energy source for the dark DIC fixation might be reduced
inorganic substances such as sulfur oxidation (Swan et al., 2011) However, there is also a possi-
bility of anaplerotic metabolism of otherwise heterotrophic prokaryotes (Fig. 1).

Genus Alteromonas

The genus Alteromonas currently comprises eleven Gram-negative, heterotrophic bacterial
species inhibiting marine, oxygen-rich environments (Ivanova et al., 2014). Widely recognized as
r-strategists (allocating resources into reproduction as a mean of survival), these copiotrophs
rapidly grow in the presence of nutrients utilizing complex macromolecules such as high
molecular weight organic matter (Sherwood et al., 2016). Predominantly found in surface waters
(Wolfer, 2023) and being r-strategists, it is not surprising that Alteromonas is not as common in
polar as it is in tem-perate regions, although they are observed even in the deep ocean (Lopez-
Lopez et al.,, 2005; Amano et al., 2022). Furthermore, it has recently been confirmed that
Alteromonas can assimilate inorganic carbon in a process coined anaplerosis (Guerrero-Feijoo et
al., 2017). First proof of heterotrophic bacteria fixing DIC was presented by Werkman and Wood
(1942), and anaplerosis has since then been found in essentially all living heterotrophic
organisms. Anaplerosis is a metabolic pathway responsible for replenishing intermediates within
the citric acid cycle (TCA) (Topisirovic et al., 2016). There are several different anaplerotic
reactions, but the one which occurs in prokaryotes is the carboxylation (reaction carried out in the
presence of carbon dioxide as a substrate) of phos-phoenolpyruvate (PEP) to oxaloacetate (Fig.
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Figure 1. Citric acid cycle. Carboxylation of PEP to oxaloacetate (anaplerosis) is catalysed by PEP-carboxylase. Source:
https://mww.researchgate.net/figure/Autotrophic-CO2-fixation-pathways-in-phototrophic-organisms-The-CO2-assimilation-
steps_fig4_51594568

Research questions

This study reports on the abundance and distribution of prokaryotes, as well as their het-
erotrophic and chemolithoautotrophic/anaplerotic activity, with a focus on Alteromonas. Our first
research question is the relationship between heterotrophic and chemolithoautotrophic/anaplerotic
activity of bacteria in this region, while the second is the rate of DIC fixation by Alteromonas. We



hypothesize that the importance of anaplerotic metabolism covaries with heterotrophic activity in
marine Alteromonas.

Finding answers to these questions, we gain a deeper understanding of the system’s func-
tioning, principles of microbe distribution and their activity in this area.



Materials and Methods

Study site and sampling area

Water samples were collected along the western coast of Greenland (Fig. 2) during the
ECOTIP project abroad RV Dana in July 2021. Seawater samples were collected from 13 stations
using Niskin bottles mounted on a CTD (conductivity, temperature, depth) rosette system. Sam-
pling locations were distributed over 5 transects, each of them comprising stations of the same
latitude (Fig. 3). At each station, samples were taken at three different depths: surface (3 — 4 m),
deep chlorophyll maximum (DCM) and near bottom (max. depth 678 m). Bulk activity of
heterotrophic and autotrophic prokaryotes was determined by radioisotope tracer methods using
8H-leucine and !#C-bicarbonate, respectively (Reinthaler et al. 2010). Additionally, the
abundance and single cell activity were determined by microscopy-based method with the
selected samples from stations 8, 10, 17, 21, 24, 26, 28 and 30 (transects 2, 4 and 5).
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Figure 2. Map of Greenland. The sampling area is framed in red.
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Figure 3. Transects sampled in this study (Transect 2, 3, 4 and 5 [T2, T3, T4, T5]). Each transect is comprising sampling locations
(stations) at the same latitude.

Incubation and bulk leucine incorporation and dark DIC fixation

On the research vessel, 10 — 20 mL of seawater was incubated with either 3H-leucine or
14C-bicarbonate for 4.7 - 12.8 h and 48.4 - 72 h, respectively. The incubation was carried out in
the cold room at approximately 5°C in the dark. After the incubation period, samples were fixed
with 37 % formaldehyde to obtain a final concentration of 2 %. For 3H-leucine incorporation meas-
urements, filtration of fixed samples was carried out using 0.2 um polycarbonate filters, followed
by rinsing with MilliQ water. The filters samples were stored at — 20 °C until further analysis. For
DIC fixation measurements, following the filtration step, the filters were fumed over concentrated
HCI for 4 h to remove inorganic carbon from the filters.

For bulk leucine incorporation and dark DIC fixation measurements (Reinthaler et al.
2010), the filters were placed in 20 mL scintillation vials and 8 mL scintillation cocktail (Filter
count, PerkinElmer) added. Subsequently, disintegration per minutes (DPM), were measured with
a liquid scintillation counter (Tri-Carb 4910TR, PerkinElmer) in the home laboratory at the Uni-
versity Biology Building. The DPMs were converted to leucine incorporation rates.



CARD-FISH

Alteromonas abundance was determined by catalyzed reporter deposition-fluorescence in
situ hybridization method (CARD-FISH) following the protocol of Herndl's lab (2018). Samples
were embedded with 0.1 % agarose and later permeabilized using 10 mL of permeabilization mix-
ture (lysozyme, final concentration 10 mg/mL) at 37°C for 1 h. Before the hybridization, filters
were cut to 1/12 of their original size. Following fluorescent oligonucleotide probes were used:
Alt1413 (5°-TTT GCA TCC CAC TCC CAT-3") to target Alteromonas, EUB338 I (5'-GCT GCC
TCC CGT AGG AGT-3") as positive control for hybridization and NON338 (5'-ACT CCT ACG
GGA GGC AGC-3) as a negative control. An aliquot 0f299 pL of hybridization buffer containing
55 % formamide was mixed with 1 pL of a DNA probe at the concentration of 50 ng/uL. To
prevent warming, probes were kept on the ice. Hybridization was carried out in the dark at 35°C
for 15 h. Immediately after the hybridization, filters were washed in a prewarmed washing buffer
(13 mM NacCl, 5 mM EDTA, 20 mM Tris-HCl, 0.01 % SDS) at 37°C for 15 min. Subsequently,
493 nL of the amplification buffer was mixed with 5 pLL of Alexa 488 Tyramide (1 mg/mL green
fluorescence). Samples were transferred in the mixture and incubated in the dark at 46°C for 15
min. After the amplification, filters were washed in 25 mL of PBS buffer mixed with Triton X-
100 (final concentration 0.05 %) and rinsed three times with Milli-Q water. Before being air dried,
filters were shortly dipped in 96 % ethanol. Before microautoradiography, a part of the filters was
examined under the microscope to see if the hybridization worked properly. If the samples were
accurately prepared, they were stored at - 20°C until further analyses.

Microautoradiography

Prokaryotic single-cell activity was determined by microautoradiography combined with
CARD-FISH (Teira et al., 2004). Slide glasses were coated with prewarmed photographic emul-
sion (ILFORD, Nuclear emulsion) and placed on a cooled bench for 5 min. Samples were placed
on the slide glasses and stored in black boxes with silica gel as a drying agent. Exposure time for
the 3H-leucine inoculated samples was 14 days, while for the '*C-bicarbonate ones 30 days at 4°C.
After exposure time ended, samples were developed and fixed at 17°C by placing slide glasses in
developer solution (50 mL IFORD PHENISOL Developer and 200 mL Milli-Q) for 4 min, then
washed in Milli-Q for 10 sec and placed in fixer solution (50 mL IFORD HYPAM Fixer and 200
mL Milli-Q) for 6 min. Final washing in Milli-Q was for 5 min. All steps were performed in a dark
room in complete darkness due to the light sensitivity of the emulsion. After air drying, filters were
counter-stained with "4’,6-diamidino-2-phenylindole (DAPI, 2 ng/mL) and stored at — 20°C.

Samples were examined under Axio Imager M2 Carl Zeiss epifluorescence microscope.
Three channels were used: DAPI (for all prokaryotes), FITC (for CARD-FISH positive cells, that
is Alteromonas) and transmission light (for silver grains around active cells). A maximum of 12
photos (of different fields of views) of each sample with overlaying all three channels were taken
with a digital camera mounted on the microscope. At least 1000 DAPI-stained cells were recorded
per sample. The photos were analysed in AxioVision SE64 Re4.9 (Carl Zeiss) with an image anal-
ysis macro established by Zeiss.

Single-cell activity

The size of the silver grain area around active cells in um? were converted to pmol of leu-
cine and DIC substrate uptake per litre per h by relating the sum of the silver grain area of a sample
to bulk leucine incorporation and bulk DIC fixation (Sintes and Herndl, 2006). The slope generated
by the regression line (Fig. 4 and 5) was used to calculate conversion factor. Activity of each cell



was calculated using the equation: the single-cell activity [pmol/cell/h] = cell area [um?] / conver-
sion factor / incubation time [h].

As for visual expression, number and width of bins of bar plots was decided using Sturge’s
formula (Sturge, 1926).
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Figure 4. Relationship of the total silver grain area size [um?/L/h] per each sample inoculated with 3H-leucine and bulk leucine
incorporation [pmol/cell/h], R?=0.7.
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Figure 5. Relationship of the total silver grain area size [um?/L/h] per each sample inoculated with “C-bicarbonate and bulk
DIC fixation [pmol/cell/h], R>=0.49.



Bacterial abundance

Bacterial abundance was determined as cells stained with DAPI. At least 10 photos per
sample were taken by overlapping DAPI and FITC channels, using a digital camera mounted on
epifluorescence microscope. To count the cells from the photos an automated cell counting and
enumeration  software = (ACMEtool3,  https://www.mpi-bremen.de/en/automated-micros-
copy.html#section19794) was used.

Data analyses

Data analyses and visualization were performed in Excel (Microsoft Office 2021), R (ver-
sion 4.3.1) (R Core Team, 2022, version 4.3.1), and Ocean Data View (version 5.6.7.). Packages
used in R were: tidyr, dplyr, ggplot2, magrittr and reshape2.


https://www.mpi-bremen.de/en/automated-microscopy.html#section19794
https://www.mpi-bremen.de/en/automated-microscopy.html#section19794

Results

Physico-chemical characteristic of the water column

Temperature

Throughout the water column of all transects, temperature ranged from - 1.6 to + 6.6°C.
Highest temperature was usually observed in the surface waters decreasing with depth, as shown
in transect 1 (Fig. 6a). Higher temperatures were also recorded at nearshore then offshore stations
(transect 2 - 4).
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Figure 6 a - e. Temperature profiles of transects 1 — 5.

Salinity increased with depth from 29.5 in the surface layers to 34.9 in deeper waters (Fig.
7). Along the longitudinal gradient, salinity generally remained stable, even though it would be
expected that it is lower in near-shore stations due to meltwater input.
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d) transect 4
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Figure 7 a—e. Salinity profile of transects 1 — 5.
Chlorophyll a

Chlorophyll a concentrations decreased with increasing depth and ranged between 0.014
to 0.087 pg/L. Highest concentrations were recorded within the top 100 m in the deep chlorophyll
maximum which was present in transects 2 and 5 (Fig. 8 b, €). Chlorophyll a concentrations were

stable (transects 1, 3 and 4) or higher at offshore then nearshore stations (transects 2 and 5).
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Figure 8 a—e. Chlorophyll a profiles of transects 1 — 5.

Ocean Data View

Oxygen concentrations decreased with increasing depth. Lowest recorded concentration
was 203.41 pmol/L and the highest 388.74 umol/L (Fig. 9). With the exception in transect 1, ox-
ygen followed the chlorophyll concentrations.
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Figure 9 a—e. Oxygen profiles of transects 1 — 5.

Microbial abundance

Absolute abundance of prokaryotes

The prokaryotic abundance (PA) was determined at the stations 8, 10, 17, 21, 24, 26, 28,
and 30 of the transects 2, 4 and 5. Generally, higher concentrations of prokaryotes were observed
in the photic zone, ranging from 3 x 10° to 1.6 x 10° cells/mL, while a lower PA (less than 5 x 103
cells/mL) was noted below 200 meters (Fig. 10).

In transect 2, at the station 8, the highest PA was found in the surface waters (1.1 x 10°
cells/mL) decreasing with depth. Lowest PA was noted at the DCM. At the station 10, the highest
PA was found at the DCM (1.6 x 10° cells/mL), while in the surface and near-bottom waters the
PA was lower.

In transect 4, at stations 17 and 24, representing the most inshore and offshore stations,
respectively, PA was highest in the surface waters (>1.3 x 10° cells/mL) and gradually decreased
with depth. Highest PA in the station 21 was found at the DCM (1.5 x 10° cells/mL), (Fig. 10).

At the station closest to the shore of the transect 5, station 26, PA remained relatively con-
stant from the surface to the bottom (~1.0 x 10° cells/mL), which is likely due to the proximity of
the sampling points in this shallow station. At station 28, highest PA was found at the DCM (7.3
x 10° cells/mL). At the station 30, highest PA was found in the surface waters (12.4 x 10° cells/mL)
gradually decreasing with depth.

16
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Figure 10. Prokaryotic abundance (cells/mL) at transects 2, 4 and 5.

Two different patterns in the vertical distribution of PA were observed. One found at sta-
tions 8, 17, 24 and 30 with the highest PA found in the surface waters, decreasing gradually with
depth (with the exception at the DCM and near-bottom at station 8). The other pattern found at
stations 10, 21 and 28 with highest PA at the DCM and lower PA at the other depths.

Abundance of Alteromonas

Alteromonas was found in every sample. Similarly to the PA, highest Alteromonas abun-
dance (AA) and largest variability was found in the photic zone. Below 200 m less than 6.5 x 10°
cells/mL were found (Fig. 11).

At station 8, highest AA was found in the surface waters decreasing towards the deeper
waters where lowest AA was found in the DCM. At the offshore station of the transect 2, station
10, Alteromonas was most abundant in the DCM. The AA varied in the surface layers (1.3 x 10* -
6.6 x 10* cells/mL), while the abundance in the near-bottom waters remained rather constant (5.5
x 10 - 9.4 x 10° cells/mL).

Highest AA was detected at the DCM at station 10 and 21.

At the transect 5, at station 26, closest to the coast, highest AA was found in the surface
waters (53.2 x 10° cells/mL). In contrast, AA was low at all depths of the station 28 (0.5 x 10° to
6.5 x 10° cells/mL). At the most offshore station of the transect, station 30, AA was decreased
depth.
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Figure 11. Alteromonas abundance (cells/mL) at the transect 2, 4 and 5.

The Alteromonas abundance relative to prokaryotic abundance along the three transects is
shown in Figure 12. Highest relative AA was always found in the surface waters, with the only
exception at station 28 where generally a low relative AA was recorded throughout the water col-

umn (<0.5 %).
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Figure 12. Alteromonas abundance as percentage of prokaryotic abundance. a) transect 2; b) transect 4; c) transect 5.

Microbial activity

Bulk microbial activity

Prokaryotic heterotrophic production (PHP) was measured by incorporation of *H-leucine
at the stations 6, 8, 10, 11, 15, 17, 21, 24, 26, 28 and 30 of the transects 2 — 5. Generally, PHP

varied significantly, ranging from 0.45 — 151.38 umol C/m’/d (Fig. 13).
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Figure 13. Bulk leucine incorporation at the 3 transects.

Bulk chemolithoautotrophic activity was measured by microbial fixation of '*C-bicar-
bonate at the stations 10, 11, 15, 17, 21, 24, 26, 28 and 30 of the same transects. With exception
at the station 10, autotrophic activity was more stable throughout all transects then heterotrophic
activity. Highest activities were measured at the surface or DCM while lowest were measured

always at near-bottom depth. Chemolithoautotrophic activity ranged between 0.5 and 76.4 pmol
C/m’/d (Fig. 14).
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Figure 14. Bulk DIC fixation at the 3 transects.

The ratio between heterotrophic and chemolithoautotrophic bulk activity (PHP:DIC) is
shown in Fig. 15. The ratio ranged between 0.4 — 12.2 and generally decresed with depth. With
the exception in transect 3, the highest ratio was observed at the DCM.
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Figure 15. PHP to DIC ratio throughout the water column. a) transect 3; b) transect 4; c) transect 5.

Single-cell prokaryotic abundance

Abundance of leucine-positive cells

The abundance of leucine-positive cells, i.e., the number of cells taking up leucine as
determined by microautoradiography linked to fluorescent in situ hybridization was estimated at
stations 8, 10, 17, 21, 24, 26, 28 and 30 of the transects 2, 4 and 5. Results are shown as
percentage of: active prokaryotes (leucine-positive) cells to total prokaryotic abundance (Fig.
16), leucine-positive Alteromonas to leucine-positive prokaryotes (Fig. 17) and leucine-positive
Alteromonas as percentage of total Alteromonas abundance (Fig. 18).

In general the percentage of leucine-positive prokaryotes ranged from 14 to 85 %. Lowest
activity was found in transect 2, station 10 and near-bottom depth of station 8. Interestingly,
deep-est layer sampled at station 10 had the highest percentage of leucine-positive cells
within that station. All the other samples revealed >50 % of leucine-positive prokaryotes. Most
of the samples had between 50 and 75 % of active prokaryotes (Fig 16).

The contribution of Alteromonas leucine-positive cells to leucine-positive prokaryotes
was generally low ranging from 0.2 to 6.1 %. The lowest percentage of leucine-positive
Alteromonas was found mainly at near-bottom depth, while the highest percentage was
typically found at the DCM layer (stations 21, 26 and 30), (Fig. 17).

The percentage of leucine-positive Alteromonas cells of total Alteromonas cells was
generally high, indicating that the major fraction of the Alteromonas population was
heterotrophically
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active. Leucine-positive cells Alteromonas amounted to 30 to 100 % of the total Alteromonas
population (Fig. 18).
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Figure 16. Leucine-positive prokaryotic as percentage of total prokaryotic abundance.
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Abundance of DIC-positive cells

The abundance of DIC-postive cells using *C-bicarbonate was determined at stations 10,
17, 24, 26, 28 and 30 of the transects 2, 4 and 5. Results are presented as the percentage of: DIC-
positive prokaryotes to prokaryotic abundance (Fig. 19), DIC-positive Alteromonas cells to DIC-
positive prokaryotes (Fig. 20) and DIC-positive Alteromonas cells to total Alteromonas
abundance (Fig. 21).

The abundance of DIC-positive cells was generally lower than the abundance of
leucine positive cells. In all samples, at least ~ 10 % of the cells were DIC-positive reaching up
to 45 % of the total prokaryotic cells (station 28). At stations 10 and 17, similar pattern is
observed (Fig. 19).

DIC-positive Alteromonas cells contributed between 0 to 8.5% to the total DIC-
positive prokaryotes. In four samples (stations 17 and 24), all belonging to transect 4, no DIC
positive Alteromonas cells were detected, while the highest percentages of DIC-positive
Alteromonas were found at station 26. There was no clear pattern between depth and DIC-
positive cells among any stations (Fig. 20).

The variability observed in the percentage of DIC-positive Alteromonas to total Alter-
omonas population was much larger than in leucine-positive Alteromonas (Fig. 21).
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Figure 19. DIC-positive prokaryotes as percentage of total prokaryotic abundance.
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Figure 21. DIC-positive Alteromonas as percentage of total Alteromonas abundance.

Single-cell activity

Single cell activity was calculated by relating total silver grain area to the bulk activity
measured by *H leucine or '*C bicarbonate incorporation of the bulk community.

3H-leucine uptake by prokaryotes

Leucine uptake by single prokaryotic cells (DAPI +) ranged between 10.27 and 14.83
amol leucine/cell/h (Fig. 22). Almost 50 % of cells incorporated between 12.55 and 13.69
amol leucine/cell/h. Single-cell activity was rather uniform throughout the water column and
transects.
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Figure 22. Leucine uptake of DAPI stained cells for transects 2, 4 and 5.

3H-leucine uptake by Alteromonas

The contribution of Alteromonas cells to total prokaryotic activity was low. The single
cell activity levels of Alteromonas varied more than the single-cell activity levels of the
total prokaryotic community (Fig. 23). Similarly to the single cell prokaryotic activity, in half
of the samples most cells incroporated between 13.32 and 14.07 amol leucine/cell/h
meaning that Alteromonas was very active. Generally, the contribution of Alteromonas cells to
total prokaryotic activity was higher in the surface waters than in the deeper layers of the water
column.
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Figure 23. Leucine uptake of Alteromonas cells as percentage of the leucine uptake of total DAPI stained cells in the different
depth layers.

1“C-bicarbonate fixation by prokaryotes on a single-cell level

Chemolithoautotrophic activity of prokaryotic cells ranged between 0.71 and 4.04 fmol
DIC/cell/h (Fig. 24). A bell-shaped distribution of activity was observed but was less pronounced
since activity varied much more than heterotrophic activity as determined by *H-leucine. At most
of the stations, the highest percentage of cells DIC fixation per cell amounted between 1.32 and
1.92 fmol DIC/cell/h.
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Figure 24. DIC fixation of DAPI + cells on a single cell level.

14C-bicarbonate fixation by Alteromonas on a single-cell level

Stations

o7
o 24

Alteromonas cells varied in their activity tremendously; out of six samples in transect 4,
only in two were active Alteromonas cells detected. Highly active cells were present in the surface

waters of station 10 (Fig.

25).
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Figure 25. DIC fixing Alteromonas cells as a percentage of total prokaryotes fixing DIC.

The contribution of Alteromonas to total prokaryotic heterotrophic and chemolithoauto-
trophic activity is shown in Table 1. Leucine uptake of Alteromonas ranged between 1.13 to 11.35
% to total leucine uptake, while DIC fixation ranged between 0 — 18.83 % to total prokaryotic DIC

fixation (Table 1).
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Table 1. Contribution of Alteromonas to total prokaryotic heterotrophic and autotrophic activity in the surface, DCM layer and

bottom waters.

Layer Station *H-leucine | “C-bicarbonate
8 426 NA
10 7.41 10.77
17 7.39 NA
21 0.42 NA
Surface 24 9.16 NA
26 9.01 13.50
28 6.68 9.47
30 6.56 0.70
6.36+2.85 8.61+553
8 1.59 NA
10 222 3.88
17 7.03 NA
21 4.19 NA
DCM 24 3.75 18.83
26 11.35 6.76
28 2.50 1.04
30 7.75 13.05
5.05+3.38 8.71+7.20
8 1.13 NA
10 1.13 0.97
17 143 3.53
21 2.18 NA
Near bottom 24 L17 NA
28 1.37 1.50
30 4.52 13.50
1.85+1.23 4.87 +£5.86
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Discussion

Dynamics in microbial abundance

The decrease in microbial abundance with increasing depth is commonly found in marine
ecosystems due to the decreasing organic matter availability with depth (Schauberger et al, 2021).
In a study carried out in the summer season in the Chukchi Sea, which is one of the areas in the
Arctic Ocean with the highest productivity (Kwon et al, 2022), the prokaryotic abundance varied
between 0.8 and 8.7 x 10° cells/mL in the surface waters (Hodges et al, 2005) and are therefore
somewhat lower than in our study (Fig. 10) The higher abundance found in the surface waters off
West Greenland might indicate elevated input from the terrestrial environment.

We expected that inshore stations have higher abundance of Alteromonas due to generally
higher nutrient and DOM concentrations near the coast which favour copiotrophics such as Alter-
omonas. Overall, a high abundance of Alteromonas was found at inshore stations (Fig. 11). Inter-
estingly, stations 10 and 21, where the highest abundance of Alteromonas was found at the DCM
were located at similar longitudes (Fig. 3). This similar vertical distribution of Alteromonas at the
different latitudinal stations may indicate the influence of northward (WGC) or southward water
flow (BIC; coined Polar Water (Buch, 2002).

In marine surface waters, the DOM composition determines the activity of prokaryotes
(Pontiller et al., 2020). Summer in the Arctic (April - September) is usually a period with high
primary productivity in the Arctic (Wassmann, 2011). Sunlight and mixing of the nutrients provide
favourable conditions for primary producers. These primary producers provide labile DOM to het-
erotrophic prokaryotes including Alteromonas. Our samples collected in July potentially reflect
these conditions leading to the high abundance of Alteromonas in this region. David Strait is the
area where Baffin Island Current and West Greenland Current meet. DOM transported from the
south via the WGC to the coastal waters of Greenland could affect the distribution of Alteromonas.
Another source of DOM is terrestrial input. We found high Alteromonas abundance at some in-
shore stations (Fig. 11) along the transects potentially influenced by river runoft.

In the context of changing climate, temperature and salinity are important parameters in
Arctic systems (Kirchman et al., 2009). Generally, microbial growth increases with rising temper-
ature (Starosick and Smith, 2004). Melting of the ice glaciers releases freshwater into the oceans,
decreasing its salinity. At the study sites, salinity was generally increasing with depth. Alteromonas
was more abundant under lower salinity. We hypothesize that a further temperature increase will
lead to the expansion of primary production and therefore of heterotrophic bacterial production,
including growth of Alteromonas.

Microbial activity

Generally, bulk prokaryotic heterotrophic production and chemolithoautotrophic activity
decreased with increasing depth (Figs. 13, 14), which is explained by reduced bioavailability of
DOM with depth and reduced availability of inorganic reduced compounds potentially serving as
electron donors, respectively. Prokaryotic heterotrophic production (PHP) and DIC fixation cor-
related (Fig. 26). A positive correlation might indicate DIC fixation by heterotrophs via anaplerotic
reactions (Guerrero-Feijoo et al., 2018).
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Figure 26. Relationship between bulk leucine incorporation and DIC fixation.

Comparing these results to a similar study in the waters of the North Atlantic Deep Water,
Reinthaler et al. (2010) reported a decrease from surface to the mesopelagic waters of both PHP
(from 7.45 to 0.07 pmol/m?/d) and DIC fixation rate (from 3.33 to 0.08 pmol/m*/d). Furthermore,
they found higher DIC fixation rates than PHP throughout the water column in the eastern basin
of the North Atlantic, while DIC fixation rates were lower in the western basin of the North At-
lantic (except in the subsurface waters). In our study, we found higher DIC fixation rates than PHP
only in some near bottom waters (Fig. 15). DIC fixation rates were more stable throughout the
water column than PHP (Fig. 15).

The highest percentage of leucine positive Alteromonas contributing to PHP was obtained
for the photic zone (Fig. 17). The contribution of leucine positive Alteromonas to total Alter-
omonas abundance was > 75 % at more than a half of the stations and leucine incorporation on a
single-cell level of Alteromonas was high (13.32 and 14.07 amol leucine/cell/h) indicating very
high heterotrophic activity (Fig. 18).

In contrast, the contribution of DIC positive Alteromonas to total prokaryotic DIC fixation
was more variable, ranging from no autotrophic Alteromonas to 18.8 %, with no clear depth pattern
(Fig 20). Comparing these results to the study in the Atlantic (Guerrero-Feijoo et al., 2018), Alter-
omonas contributed 2 % to the total DIC fixation there, which is lower than what we found (7.4 %
on average throughout the water column) (Table 1). The high variability of chemolithoautotrophic
activity of Alteromonas, not just between the station and transects, but also at the same depth
layers, makes it difficult to estimate the importance of the chemoautotrophy or anaplerotic metab-
olism of Alteromonas in the Arctic Ocean. Tentatively, we conclude that Alteromonas is not mix-
otroph but that the DIC fixation we measured is caused by anaplerotic metabolism of highly het-
erotrophically active Alteromonas cells.
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Conclusion

The abundance and activity of Alteromonas in the waters off West Greenland was studied
to elucidate the contribution of the DIC fixation by heterotrophs and better understand microbial
processes in the fragile ecosystem, the marine Arctic. Our results show that ratio of heterotrophic
to chemolithoautotrophic activity is highest in the photic zone and lowest (< 1) in the bottom wa-
ters. Alteromonas contributed between 4.9 to 8.7 % to the total prokaryotic DIC fixation. We hy-
pothesize that climate change will promote the expansion of Alteromonas and that Alteromonas
could play a significant role in the DIC fixation in this region. Recent estimates suggest that het-
erotrophic DIC fixation contributes between 1 and 5 % to carbon biomass production (Braun et
al., 2021) and our findings indicate that Alteromonas should be included in future inorganic carbon
cycling estimations.
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Appendix
Zusammenfassung

Der Arktische Ozean ist derzeit die Region, die am starksten vom globalen Klimawandel
betroffen ist. Folglich konnten der Riickgang des arktischen Meereises und die allgemeine
Erwdrmung der arktischen Gewésser zu erheblichen Verdnderungen in  der
Organismen und Okosystemfunktion des Arktischen Ozeans fiihren. Einer der
wichtigsten Treiber der biogeochemischen Kreisldufe im Ozean sind Mikroben. Wir haben
die Dynamik der marinen heterotrophen und autotrophen mikrobiellen Gemeinschaft in
den Gewidssern vor Westgronland, insbesondere von Alferomonas, untersucht. Die
Gattung Alteromonas ist ein gramnegatives, heterotrophes  Bakterium  mit
kosmopolitischer Verbreitung. In dieser Arbeit wurde ein besonderer Schwerpunkt auf den
Beitrag zum anaplerotischen Stoffwechsel gelegt, d. h. auf die Nutzung von gelostem
anorganischem  Kohlenstoff (DIC) fiir die Biomasseproduktion. Mithilfe  der
Mikroautoradiographie in Kombination mit der katalysierten Reporterablagerungs-Fluoreszenz-
in-situ-Hybridisierung (CARD - FISH) haben wir die Haufigkeit, heterotrophe und
chemolithoautotrophe oder anaplerotische Aktivitit der Prokaryoten und Alteromonas in der
Sommersaison in den Gewdssern vor der Kiiste Westgronlands bestimmt. Wir fanden eine
tiefenabhingige Verteilung von Alteromonas mit hoher Abundanz in der photischen Zone und
in kiistennahen Stationen. Dariiber hinaus wurde das hochste Verhéltnis von Hetetrotrophie
zu Chemolithoautotrophie in der photischen Zone bestimmt, wobei das niedrigste
Verhiltnis (< 1) in bodennahen Wasserschichten verzeichnet wurde. Alteromonas trug 7,4
% zur gesamten prokaryotischen DIC-Fixierung und 4,4 % zur prokaryotischen
heterotrophen Aktivitdt bei. Daraus schlieBen wir, dass Alteromonas eine wichtige Rolle
im Kohlenstoftkreislauf im Arktischen Ozean spielt.
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