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Summary

Carbon cycling by Antarctic microbial plankton is
poorly understood but it plays a major role in CO,
sequestration in the Southern Ocean. We investi-
gated the summer bacterioplankton community in the
largely understudied Weddell Sea, applying lllumina
amplicon sequencing, measurements of bacterial
production and chemical analyses of organic matter.
The results revealed that the patchy distribution of
productive coastal polynyas and less productive,
mostly ice-covered sites was the major driver of the
spatial changes in the taxonomic composition and
activity of bacterioplankton. Gradients in organic
matter availability induced by phytoplankton blooms
were reflected in the concentrations and composition
of dissolved carbohydrates and proteins. Bacterial
production at bloom stations was, on average, 2.7
times higher than at less productive sites. Abundant
bloom-responsive lineages were predominately affili-
ated with ubiquitous marine taxa, including Pol-
aribacter, Yoonia-Loktanella, Sulfitobacter, the SAR92
clade, and Ulvibacter, suggesting a widespread
genetic potential for adaptation to sub-zero seawater
temperatures. A co-occurrence network analysis
showed that dominant taxa at stations with low phy-
toplankton productivity were highly connected, indi-
cating beneficial interactions. Overall, our study
demonstrates that heterotrophic bacterial communi-
ties along Weddell Sea ice shelves were primarily
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constrained by the availability of labile organic matter
rather than low seawater temperature.

Introduction

Antarctic marginal seas are among the least studied cold
oceans on Earth. Despite their negative temperatures, in
summer they host productive phytoplankton blooms dom-
inated by diatoms and the prymnesiophyte Phaeocystis
antarctica. Roughly 30% of primary production in the
Southern Ocean is exported out of the euphotic zone, a
proportion that substantially exceeds the export efficiency
in the temperate ocean (Henson et al., 2012). The locally
high level of primary production together with the high
rate of particle export in Antarctic shelf waters is an
important contribution to the Southern Ocean’s potential
to act as a strong sink for anthropogenic carbon
(Frolicher et al., 2015).

Spatial and temporal patterns in bacterial carbon re-
mineralization at low seawater temperature are less well
understood. Several studies have reported lower ratios of
heterotrophic bacterial biomass production to primary
production in high-latitude marine systems than in the
temperate ocean, implying that efficient carbon seques-
tration is enhanced by a disproportionally low bacterial
carbon re-mineralization at low seawater temperature
(Pomeroy and Deibel, 1986; Moran et al., 2006; Ducklow
et al., 2012). However, this notion of suppressed bacterial
activity at sub-zero temperature is challenged by field
surveys showing that maximum bacterial growth rates in
Arctic and Antarctic marine systems overlap with the
rates determined in the temperate ocean (Kirchman
et al., 2009). Furthermore, a growing number of experi-
mental studies demonstrated high activity of natural polar
bacterioplankton at in situ temperatures after the addition
of labile organic matter, suggesting that a low seawater
temperature per se does not have an inhibitory effect
(Kirchman et al., 2009; Ducklow et al., 2011; Sipler and
Connelly, 2015; Manna et al., 2020). Based on these
observations, strong bottom-up control of heterotrophic
bacteria by limited availability of dissolved organic matter
(DOM) has been proposed as an alternative explanation
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for the low growth rates in polar oceans (Kirchman
et al., 2009).

This study aims to explore the importance of organic
matter availability for the activity and taxonomic composi-
tion of bacterioplankton along the eastern and southern
shelves of the Weddell Sea. Sampling stations included
two coastal polynyas, the Halley Bay Polynya and the
Ronne Polynya, as well as stations outside the polynyas
that were mostly ice-covered and/or further offshore.
Coastal polynyas, seasonally recurring open waters sur-
rounded by sea ice, are hotspots of biological activity
(Arrigo and van Dijken, 2003). With an average annual
production of 14 Tg C yr ', the Ronne Polynya is the
second most productive coastal polynya system in the
Southern Ocean (Arrigo and van Dijken, 2003). The natu-
ral gradient in phytoplankton standing stocks along the
Weddell Sea shelves, encompassing a 50-fold change in
depth-integrated chlorophyll a concentration at similar
seawater temperatures of —1.8°C to —0.2°C, enabled a
detailed investigation of the role of fresh organic matter in
the phytoplankton-bacteria coupling. The major objec-
tives were (i) to analyse the concentration and composi-
tion of DOM and (i) to compare the structure and
phylogenetic composition of bacterioplankton in produc-
tive polynyas and at less productive sites. The results
allowed us to explore the significance of organic matter
availability in the environmental control of heterotrophic
bacterial activity at low seawater temperatures.

Experimental procedures
Sampling

Samples were collected at 25 stations during cruise
PS111 of the RV Polarstern, from 26 January 2018 to
01 March 2018. The stations were located between 64°S
and 78°S and between 5°E and 60°W in the southern
Weddell Sea. At each station, seawater was sampled at
five or six depths in the upper 100 m of the water column
using a rosette sampler equipped with 24 Niskin bottles.
A CTD system was used to determine the continuous
depth profiles of temperature and salinity. A sensor for
Chl-a fluorescence (Wet Labs ECO-AFL/FL, Sea Bird
Scientific) was mounted on the sampler. The data on
seawater temperature, salinity and fluorescence obtained
in this study can be retrieved from the PANGAEA data-
base (Janout et al., 2018; hitps://doi.org/10.1594/
PANGAEA.895808).

Chlorophyll a

For the analysis of Chl-a, 1 L of seawater was filtered
onto glass fibre filters (GF/F, Whatman) and stored at
—80°C. Pigments were extracted in 96% ethanol and
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Chl-a concentrations were measured with a 10-AU Turner
fluorometer (Turner Designs) (Welschmeyer, 1994). The
values were integrated to 100 m depth (mg Chl-a m™3).

Concentration and depletion of macronutrients

Dissolved inorganic phosphate, dissolved inorganic sili-
cate, and nitrate and nitrite concentrations were deter-
mined with an auto-analyser (QuAAtro, Seal analytical)
using standard colorimetric  methods  (Grasshoff
et al., 1983).

Net community production (NCP) was estimated based
on nitrate depletion in the upper 100 m of the water col-
umn. Nitrate concentrations were measured at five or six
depths (NO3 measurea; pmol L=1) and integrated over
depth. Assuming that nitrate concentrations at 100 m
depth (NOj3 100m, pmol L) were equivalent to pre-bloom
concentrations, nitrate depletion (ANOz;, mmol NO; m~2)
could then be calculated as shown in Eq. 1:

0 0
ANOS = J NO3 100m — J NOS measured (1 )
100 100

The drawdown of nitrate was calculated only for stations
where NO3;~ concentrations at and below 80 m depth
were consistently 29.1-32.4 pmol L™, Nitrate concentra-
tions in this range have been reported for winter water
and/or pre-bloom situations in the Weddell Sea, the Ross
Sea and the Amundsen Sea (Carlson et al., 2000; Smith
et al., 2003; Lechtenfeld et al., 2014; Yager et al., 2016).
The estimated depletions were considered as time-
integrated changes over summer, since our sampling
took place at the end of the productive season. Nitrate
depletion was converted into seasonal NCP
(molCm™2 yr") by applying a C:N ratio of 6.6
(Redfield, 1958), which has been validated for nutrient
consumption in the Weddell Sea (Hoppema et al., 2007).

Dissolved organic matter

For the analysis of dissolved organic carbon (DOC) and
total dissolved nitrogen, 20 ml of seawater was filtered
through pre-combusted glass fibre filters (GF/F,
Whatman) into pre-combusted glass ampoules (450°C
for 8 h). The samples were acidified by the addition of
20 pl of 30% hydrochloric acid. The ampoules were then
sealed by flaming and stored at 0—4°C until analysed
using the high-temperature catalytic oxidation method
(TOC-VCSH, Shimadzu) (Qian and Mopper, 1996; Engel
and Galgani, 2016). Samples for the analysis of dissolved
carbohydrates and amino acids were filtered through a
0.45-pm syringe filter (Acrodisk, Pall Corporation) into
pre-combusted glass vials (450°C for 8 h) and stored at
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—20°C. Combined carbohydrates were analysed by high-
performance anion-exchange chromatography coupled
with pulsed amperometric detection (ICS 3000, Dionex)
using a CarboPac PA10 analytical column (Dionex). Prior
to their analysis, the samples were desalinated using a
dialysis membrane with a 1-kDa molecular weight cut-off
(Spectra Por, Spectrum). This desalination procedure
excludes carbohydrates with a molecular weight <1 kDa.
Consequently, the analysed pool represented dissolved
combined carbohydrates (DCCHO) >1 kDa. After desali-
nation, the samples were hydrolyzed with 1 M
hydrochloric acid and then neutralized by acid evapora-
tion under a dinitrogen atmosphere and the addition of
ultrapure water. A detailed description is given in Engel
and Handel (2011). Concentrations of the neutral sugars
fucose, rhamnose, arabinose, galactose, glucose and
mannose/xylose were determined. Mannose and xylose
co-eluted and were therefore quantified as a mixture. In
addition to neutral sugars, the concentrations of the
amino sugars glucosamine and galactosamine and of the
acidic sugars glucuronic acid and galacturonic acid were
analysed. The sum of the DCCHO, including the concen-
trations of all neutral sugars, amino sugars and acidic
sugars, is reported in monomer equivalents per litre. The
carbon-normalized yield of DCCHO [%DOC] was calcu-
lated as shown in Eq. 2:

DCCHO [%DOC] = DCCHO-C/DOC x 100 2)

where DCCHO-C is the summed carbon concentration of
DCCHO, calculated by multiplying the monomer concen-
tration of each sugar by the respective number of carbon
atoms and then summing the results.

Dissolved amino acids (DAA) were analysed by high-
performance liquid chromatography (HPLC), after hydro-
lysis with 6 M hydrochloric acid at 100°C for 20 h,
followed by neutralization and derivatization with ortho-
phthaldialdehyde (Lindroth and Mopper, 1979). The
HPLC system (Agilent 1260) was equipped with a C18
column (Phenomenex Kinetex). Concentrations of
aspartic acid, glutamic acid, serine, glycine, threonine,
arginine, alanine, y-aminobutyric acid, tyrosine, valine,
isoleucine, phenylalanine and leucine were determined.
The summed concentration of all individual amino acids
is reported in monomer equivalents per litre.

The carbon-normalized yield of DAA [%DOC] was cal-
culated according to Eq. 3:

DAA [%DOC] = DAA-C/DOC x 100 (3)

where DAA-C is the summed carbon concentration of
DAA, calculated by multiplying the monomer concentra-
tion of each amino acid by the respective number of car-
bon atoms and then summing the results.

Abundance of prokaryotes

Seawater samples for the analysis of prokaryotic cell
numbers were fixed on board by an 1-h incubation with
1% paraformaldehyde and 0.05% glutaraldehyde (final
concentrations) at 5°C in the dark. The samples were
stored at —80°C until their analysis by flow cytometry
(FACSCalibur, Becton Dickinson). The cells were coun-
ted after staining with the DNA-binding dye SYBR Green
I (Invitrogen). Cell numbers were estimated after visual
inspection and manual gating of the population in the
cytogram of side scatter versus green fluorescence,
using the software CellQuest Pro (Becton Dickinson).
Yellow-green latex beads (0.5 pm, Polysciences) served
as the internal standard.

For the enumeration of nanoflagellates, 10 ml of sea-
water was fixed with 2% formaldehyde (final concentra-
tion) and filtered onto black 0.2 pm-polycarbonate filters.
The filters were stored at —20°C. Nanoflagellates were
stained with 4’,6-diamidino-2-phenylindole and then
counted at 630x magnification using an epifluorescence
microscope (Axioskop 2 MOT Plus, Zeiss).

Bacterial biomass production

Bacterial biomass production was estimated based on
the incorporation of [°H]-leucine, as described by Simon
and Azam (1989). Three 10-ml aliquots of unfiltered sea-
water were incubated for 2 h at 0°C with [*H]-leucine
(specific activity 102.3 Ci mmol~") at a final concentration
of 20 nmol L. The incubations were terminated by the
addition of 1% formaldehyde (final concentration). Blanks
were prepared from samples fixed with 1% formaldehyde
(final concentration) prior to the addition of the radioactive
tracer. After the incubation, the samples and blanks were
filtered onto 0.2-um polycarbonate filters and rinsed with
10 ml of cold 5% trichloroacetic acid. The filters were dis-
solved in 4 ml of scintillation cocktail (Ultima Gold F,
Perkin Elmer) and the amount of incorporated [°H]-
leucine was analysed using a liquid scintillation counter
(Tri-Carb, Packard). Bacterial biomass production was
estimated using a conversion factor of 1.5 kg C mol
leucine™", assuming no intracellular isotope dilution
(Simon and Azam, 1989).

Nucleic acid extraction, high-throughput amplicon
sequencing and sequence analysis

One litre of each seawater sample was filtered onto a
0.2 pm-polycarbonate filter for the extraction of nucleic
acids and subsequent sequencing of 16S rRNA genes
and transcripts. The filters were flash-frozen in liquid
nitrogen and stored at —80°C. Nucleic acids were
extracted using the AllPrep DNA/RNA mini kit (Qiagen),
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which allows the simultaneous purification of genomic
DNA and total RNA from the same sample. Contaminat-
ing DNA in the RNA fraction was removed using the
Turbo DNA-free kit (Invitrogen). The RNA of each sample
was transcribed into cDNA using the universal primer
1492R (5'-GGTTACCTTGTTACGACTT-3') (Lane, 1991)
and the MultiScribe Reverse Transcriptase (Invitrogen).
The cDNA of all samples was checked for contaminating
DNA by PCR with the primer pair Com1 and Com2-Ph
(Schwieger and Tebbe, 1998). The samples were sent to
LGC Genomics GmbH (Berlin) for 16S rRNA amplicon
sequencing, in which the hypervariable V3-V4 region of
the 16S rRNA sequence was amplified in the DNA
extracts and in the cDNA of all samples using the univer-
sal prokaryotic primers U341F (5-CCTAYGGGRBGCAS
CAG-3') and U806R (5-GGACTACNNGGGTATCTAAT-
3') (Sundberg et al., 2013). The PCRs included 1-10 ng
each of the DNA extract and cDNA (total volume 1 pl),
15 pmol of each forward and reverse primer in 20 pl of
1x MyTaqg buffer containing 1.5 units of MyTaq DNA
polymerase (Bioline) and 2 pl of BioStabll PCR Enhancer
(Sigma). For each sample, the forward and reverse
primers had the same 10-nucleotide barcode sequence.
The PCRs were carried out for 30 cycles using the fol-
lowing parameters: 1 min 96°C pre-denaturation, 96°C
for 15 s, 50°C for 30 s, 70°C for 90 s. Concentrations of
the 16S amplicon were determined by gel electrophore-
sis. Twenty nanogram of amplicon DNA from each sam-
ple was pooled for up to 48 samples carrying different
barcodes. The amplicon pools were purified with one vol-
ume of AMPure XP beads (Agencourt) to remove primer
dimers and other small mispriming products, followed by
an additional purification on MiniElute columns (Qiagen).
lllumina libraries were constructed using 100 ng of each
purified amplicon pool DNA and the Ovation Rapid DR
multiplex system 1-96 (NuGEN). The libraries were
pooled and size selected during preparative gel electro-
phoresis. Sequencing was performed on an lllumina
MiSeq using the V3 Chemistry (lllumina) with paired-end
reads of 2 x 300 bp.

After sequencing, primer sequences from the de-
multiplexed raw paired-end fastq files were cut and the
data were further processed using the package dada2 in
R (Callahan et al., 2016). The dada2 pipeline infers exact
amplicon sequence variants (ASVs) instead of building
operational taxonomic units based on sequence similarity
thresholds (Callahan et al., 2017). Taxonomic assign-
ment was determined by aligning the sequences with
those in the silva_nr_v138 database (Quast et al., 2013).
Sequences classified as chloroplasts were extracted and
assigned using the PhytoREF database (PR2 version
4.12.0) to explore the taxonomic composition of phyto-
plankton (Decelle et al., 2015).
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Data analysis and statistical tests

Chemical and amplicon sequencing data were analysed
and statistical testing was performed using R in RStudio
(RStudio Team, 2020; R Core Team, 2021).

A principal component analysis (PCA) of the DCCHO
and DAA composition in surface waters was conducted
using the R packages vegan (Oksanen et al., 2020). Dif-
ferences in the DOM concentrations between Bloom sta-
tions and Low-Chl stations and between the upper mixed
layer (0—35 m) and depth intervals below the pycnocline
(40-100 m) were tested for significance in a two-way
ANOVA.

The alpha-diversity of the bacterial communities was
investigated using diversity indices. The Chaol and
Shannon indices were calculated using the R package
iINEXT (Hsieh et al., 2020). Differences in diversity indi-
ces between Bloom stations and Low-Chl stations and
between the upper mixed layer (0—35 m) and depth inter-
vals below the pycnocline (40-100 m) were tested for
significance in a two-way ANOVA. Beta-diversity was
assessed by visualizing the differences in community
composition between samples in a non-metric multi-
dimensional scaling (NMDS) plot, using the R package
phyloseq (McMurdie and Holmes, 2013). Distances
between samples were derived from a Bray—Curtis dis-
similarity matrix. To test for compositional differences
between communities at Bloom stations and Low-Chl sta-
tions and in different depth intervals, a two-way permuta-
tion multivariate analysis of variance was conducted
using the function adonis in the R package ‘vegan’
(Oksanen et al., 2020).

Differences in the abundance of ASVs at Bloom and
Low-Chl stations were identified based on significant
log2-fold changes, calculated using the R package
DESeqg2 (Love et al., 2014). The design formula included
the sample types Bloom station and Low-Chl station as
well as sampling depth as factors accounting for major
sources of variation in the 16S rRNA gene sequence
data. Likewise, diatom-dominated stations and stations
with higher Phaeocystis proportions as well as sampling
depth were used as factors to explore the significance of
phytoplankton composition for the differential abundance
of ASVs. In both cases, a local fit was chosen after
inspecting the plot of dispersion estimates. Significance
was accepted at Pagjusteq <0.01.

Co-occurrence network analysis

The co-occurrence network analysis included samples
collected in the top 35 m of the water column and the
ASVs present in at least 10% of these samples. The pro-
portions of ASVs obtained from the sequence analysis of
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the 16S rRNA gene were multiplied by bacterial cell num-
bers to estimate abundance. DCCHO and DAA concen-
trations (nmol L~") were also included. For the resulting
subset of 237 ASVs, 10 sugars and 13 amino acids in
50 samples, a correlation matrix with pairwise Pearson
correlation coefficients was generated using the R pack-
age Hmisc (Frank, 2021). False-positive results were
excluded by adjusting the p-values using the multiple
testing correction by the Benjamini-Hochberg method
(Benjamini and Hochberg, 1995). Correlations between
two ASVs and between ASVs and sugars and amino
acids respectively, in which the r coefficient was >0.6 and
the significance level was p < 0.01 were used to recon-
struct the network. The network structure was explored
and visualized using the R package igraph (Csardi and
Nepusz, 2006). Network nodes represented ASVs,
sugars and amino acids, and edges indicated strong and
significant correlations between the nodes. Community
detection was conducted using the fast greedy modularity
optimization algorithm (Newman, 2004).

Results
Environmental context

Samples were collected at 22 stations along the eastern
Weddell Sea shelf and the Filchner Ronne Ice Shelf and
at three stations further north in the region of the subma-
rine plateau Maud Rise (64.0-66.7°S) from the end of
January to the end of February 2018 (Fig. 1A). Sampling
along the shelf included the Halley Bay Polynya and the
Ronne Polynya (Fig. S1). Sea surface temperatures of
—1.8°C to —0.2°C were recorded along the shelves, and
higher surface temperatures (1.8°C on average) at Maud
Rise (64.0-66.7°S). Salinity along the shelves ranged
from 33.1 to 34.4 at the surface and from 34.1 to 34.6 at
100 m depth. Surface salinity at the eastern Weddell Sea
shelf was lower and more variable than at the Filchner
Ronne Ice Shelf. The average surface concentrations of
nitrate, phosphate and silicate were 23.3 =+ 5.0,
1.7 + 0.3 and 44.3 + 9.4 pmol L~ respectively.

Chl-a concentrations integrated over the top 100 m of
the water column were highly variable along the shelves,
ranging from 3.0 to 157.2 mg m~2 (Fig. 1A). Based on
the depth-integrated Chl-a concentrations, shelf stations
were grouped into nine Bloom stations (48.0-157.2 Chl-
a mgm 2, average 82.8 mg Chl-a m2) and 13 low-
chlorophyll (Low-Chl) stations (3.0-31.0 mg Chl-a m~2,
average 12.3 mg Chl-a m™?) to explore the effects of
phytoplankton blooms on DOM, bacterioplankton activity
and community composition (Fig. 1A, Table S1). At the
Bloom stations, the highest Chl-a concentrations of 1.4—
5.2 ug L~ were measured in the upper 35 m of the water
column. Seven of the nine Bloom stations were located
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Fig. 1. Environmental conditions at sampling stations along the east-
ern Weddell Sea Shelf and the Filchner Ronne Ice Shelf.

A. Depth-integrated chlorophyll a concentrations. Three additional
sampling stations located further north at Maud Rise (64.0-66.7°S)
are not shown on the map.

B. Phytoplankton community composition as derived from plastidial
sequences in the 16S rRNA gene libraries.

in the Halley Bay Polyna (stations 28, 74, 137) and the
Ronne Polynya (stations 37, 40, 58, 62) respectively, ice-
free zones produced by katabatic winds (Fig. 1A). Two
Bloom stations outside these polynyas were located east
of the Halley Bay Polynya (station 14) and at the Filchner
Ice Shelf (station 89). At five Bloom stations (stations
14, 28, 40, 58, 62, 74), NCP as a time-integrated mea-
sure of productivity could be estimated from the depletion
of nitrate in the upper mixed layer. Bloom stations
showed variable NCP, ranging from 1.1 to 6.9 mol C m~2
(average 4.2 mol C m~2) (Table S1).

Sequences of chloroplasts in the 16S rRNA gene
libraries provided insight into the phytoplankton composi-
tion (Decelle et al., 2015). Most stations were strongly
dominated by diatom assemblages (Fig. 1B). The domi-
nant diatom species was Corethron pennatum, which
accounted, on average, for 15% of the chloroplast
sequences, followed by Fragilariopsis cylindrus, Prob-
oscia alata, and two unclassified species, with average
contributions of 5%—9% each. At seven stations, includ-
ing four Bloom stations, a large proportion (=40%) of the
chloroplast sequences were assigned to the
prymnesiophyte Phaeocystis sp. (Fig. 1B).
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Concentrations and composition of dissolved organic
matter

The concentration of DOC at stations along the shelves
was, on average, 54 + 17 pmol L~" at the surface and
47 + 12 ymol L' at 100 m depth (Table 1). Integrating
the concentrations over 100 m depth resulted in an aver-
age areal concentration of 4.81 + 0.61 mol DOC m2,
DOC concentrations at the Bloom stations did not signifi-
cantly differ from those at the Low-Chl stations
(Welch’s t-test, t = —0.17, df = 16.27, p = 0.87). In con-
trast to bulk DOC, the concentrations of DAA and high-
molecular-weight (>1 kDa) DCCHO at 0-35 m depth
were significantly higher at Bloom stations than at Low-
Chl stations [DAA: Two-way ANOVA, Depth: Fq 112 =
53.39, p < 0.001; Sample Type (Bloom, Low-Chl):
Fi116 =20.27, p <0.001; Depth x Sample Type:
Fi112 =17.66, p < 0.001; DCCHO: Two-way ANOVA,
depth: Fy 412 = 38.35, p < 0.001; sample type (Bloom,
Low-Chl): Fy116 = 15.41, p < 0.001; depth x sample
type: F1112 = 14.61, p < 0.001] (Table 1). The average
DAA and DCCHO contribution to bulk DOC of all sam-
ples collected at 0-35 m depth was 1.4 + 0.5% and
3.2 + 1.3% respectively. The average ratio of DCCHO:
DAA increased from 2.3 at 0—-35 m depth to 3.2 at 100 m
depth, revealing a stronger depletion of amino acids than
of carbohydrates with increasing depth (Table 1). Sta-
tions with elevated Phaeocystis contributions (=40% of
chloroplast sequences) had significantly higher DCCHO:
DAA ratios than stations that were diatom-dominated
[Two-way ANOVA, Depth: Fi 412 = 17.53, p < 0.001;
Sample Type (Bloom, Low-Chl): F{ 11¢ = 5.54, p < 0.05;
Depth x Sample Type: Fq 112 = 5.53, p < 0.05].

The DAA composition was dominated by glycine that
accounted on average for 38 and 43 mol% of DAA at 0-
35 m and 100 m depth respectively. Aspartic acid, glu-
tamic acid, alanine and serine contributed 8—14 mol%
each to DAA (Table S2). A PCA of DAA composition at 0—
35 m depth partially separated Bloom stations from Low-
Chl stations on PC1, although with some overlap between
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the two sample types (Fig. 2A). A PERMANOVA confirmed
small but statistically significant compositional differences
between the DAA composition at Bloom stations and Low-
Chl stations, while the phytoplankton composition had no
significant effect [Sample Type (Bloom, Low-Chl):
R? = 0.09, Fis =406, p = 0.02; Phytoplankton
(Diatoms, Phaeocystis): R? = 0.03, F, 40=156,p =0.17;
Sample Type x Phytoplankton: R? = 0.02, Fi40 =113,
p = 0.30]. The loadings of leucine, glutamic acid, phenylal-
anine, arginine, y-aminobutyric acid and glycine on PC1
revealed their influence on compositional differences
between Bloom stations and Low-Chl stations (Fig. 2A).

The dominant carbohydrates in DCCHO along the
shelves were glucose and mannose/xylose, evidenced
by average proportions of 34 and 35 mol% respectively,
at 0-35 m depth. Galactose, fucose, rhamnose, arabi-
nose and the amino sugar glucosamine contributed 1-—
11 mol% to DCCHO, in contrast to the amino sugar
galactosamine and the acidic sugars glucuronic acid and
galacturonic acid, each with contributions of <1 mol%
(Table S3). PCA revealed that differences in the DCCHO
composition between Bloom and Low-Chl stations were
combined with a separation of strongly diatom-dominated
stations from stations with higher shares of Phaeocystis
sp. on PC2 (Fig. 2B). A PERMANOVA confirmed that
both the bloom stage and the interaction of bloom stage
and phytoplankton composition explained significant pro-
portions of variation in the DCCHO composition [Bloom
stage (Bloom, Low-Chl): R® =0.05, Fy4 =2.94,
p = 0.05; Phytoplankton (Diatoms, Phaeocystis):
R® =018, Fi4 =774, p = 0.002; Sample
Type x Phytoplankton: R? =0.13, Fy4 =7.81,
p = 0.001]. The loadings of carbohydrates on the first
two principal components indicated enrichments of
fucose, rhamnose, galactose, glucosamine and galactos-
amine at diatom-dominated Bloom-stations, and the
enrichment of glucose in DCCHO of diatom-dominated
Low-Chl stations. Stations with elevated Phaeocystis
contributions had larger shares of arabinose and man-
nose/xylose (Fig. 2B).

Table 1. Concentration and composition of dissolved organic matter at Bloom stations and Low-Chl stations.

DOC (umol L™')  DCCHO (hmol L")  DCCHO (% DOC)  DAA (nmol L")  DAA (% DOC) DCCHO:DAA
0-35m Al stations 54 + 17 322 + 139 32+13 260 + 152 1.4+ 05 23+09
Bloom 53 + 18 408 + 172 38+ 1.8 359 + 186 1.7+ 0.6 2.1+ 1.1
Low-chl 55+ 18 263 + 64 29409 191 + 65 1.3+ 0.4 25+0.8
40-60 m  All stations 49 + 12 240 + 69 27+09 153 + 69 09+0.3 31413
Bloom 45+5 258 + 74 3.0+09 175 + 92 1.1+ 04 30+£15
Low-chl 52+ 15 228 + 64 24+09 139 + 47 0.8+ 0.2 31412
75-100 m Al stations 47 £ 12 205 + 49 26+09 119 + 35 0.8+0.2 32+08
Bloom 48 + 13 208 + 49 26+ 0.9 126 + 50 08+0.3 31+09
Low-chl 46 + 12 202 + 50 26+09 115+ 18 0.8+0.2 32+08

DOC: dissolved organic carbon, DCCHO: dissolved combined carbohydrates, DAA: dissolved amino acids.
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Fig. 2. Principal component analysis of (A) dissolved amino acid and (B) dissolved combined carbohydrate composition at 0-35 m depth. Bloom
stations are shown in green and low-chlorophyll (Low-Chl) stations in blue. Strongly diatom-dominated stations and stations with larger contribu-

tions of Phaeocystis sp. are shown as different symbols.

Community composition of bacterioplankton

lllumina amplicon sequencing of the V3-V4 hypervariable
region of both the 16S rRNA gene and the 16S rRNA
yielded a final dataset of 7 590 245 sequences from
270 samples.

Sequences of the 16S rRNA gene comprised 1137
ASVs affiliated with Bacteria and 50 ASVs affiliated with
Archaea (Fig. S3). Based on averages across all sta-
tions, the dominant bacterial classes Bacteroidia,
Alphaproteobacteria and Gammaproteobacteria com-
prised 22%, 19% and 29% of the ASVs of the 16S rRNA
gene respectively, and contributed 28 + 14%, 42 + 10%
and 21 + 8% respectively, to the sequences of the 16S
rRNA gene (Fig. 3). Proportions of the 16S rRNA gene
sequences revealed different vertical trends in the upper
100 m of the water column for the major classes of
Weddell Sea bacterioplankton. Bacteroidia decreased
over depth, from 38 + 14% at 0-5 m to 16 + 8% at
100 m. Likewise, the proportion of sequences assigned
to Bacteroidia decreased from 21 + 8% at 0-5 m to
7 + 4% at 100 m (Fig. 3). Alphaproteobacteria in total
showed only minor depth-related variation. In contrast,
the sequence proportion affiliated with the Roseobacter
clade decreased from 27 + 11% at the surface to
49 +35% at 100 m respectively (Fig. 3). For
Gammaproteobacteria, the proportion of 16S rRNA gene
sequences increased from 14 +8% at 0-5 m to
24 + 7% at 100 m depth. Similarly, the sequence propor-
tion of Archaea increased from 0.2 + 0.4% at the surface
to 14 £ 8% at 100 m depth (Fig. 3). Archaeal ASVs were
assigned to Thermoplasmata (25 ASVs), Nitrososphaeria
(21 ASVs), Nanoarchaeia (three ASVs) and Halobacteria
(one ASV) and strongly dominated by the candidate
genus Nitrosopumilus (class Nitrososphaeria) and the

Marine Group Il (class Thermoplasmata), which at 100 m
depth comprised 82 + 8% and 17 + 8% of archaeal
sequences respectively (Fig. 3).

Sequences of the 16S rRNA revealed a similar taxo-
nomic composition (Fig. S2). However, the comparison of
16S rRNA gene sequences and 16S rRNA sequences
revealed an underrepresentation of the SAR11 Clade in
the rRNA sequences and an overrepresentation of
Gammaproteobacteria (Fig. 3 and Fig. S2).

The Chao1 index and the Shannon index revealed that
richness and diversity of 16S rRNA gene sequences
respectively were significantly higher at Low-Chl stations
than at Bloom stations (Table S4). Values for both indi-
ces increased with sampling depth (Table S4). In all
depth intervals, the Chaol index of the 16S rRNA
sequences showed higher values than the Chao1 index
of 16S rRNA gene sequences (Table S4).

Changes in the taxonomic composition of the 16S
rRNA gene sequences over depth as well as the differ-
ences between Bloom stations, Low-Chl stations and the
northern stations at Maud Rise were resolved by a two-
dimensional NMDS plot based on a Bray—Curtis dissimi-
larity matrix (Fig. 4A). The position of samples along the
first axis reflected gradual changes in community compo-
sition over depth. Samples collected at 0-5 and 20-35 m
were more dissimilar from each other than samples of
other consecutive depth intervals. The second axis sepa-
rated Bloom stations, Low-Chl stations and the three
northern stations at Maud Rise. Sequences at the Maud
Rise stations comprised 163 ASVs that were not preva-
lent at Bloom stations and Low-Chl stations. These
unique ASVs comprised on average 2.3% of the
sequences. A PERMANOVA of Bray—Curtis dissimilar-
ities revealed that both bloom stage and sampling depth
significantly affected the community composition along
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Fig. 4. Variation in bacterioplankton community composition.
A. NMDS plot. Bloom stations are shown in green, low-chlorophyll (Low-Chl) stations in blue and the northern stations (N) at 64.0-66.7°S in grey.
Depth intervals are indicated by different symbols.
B. DESeq2 analysis of differentially abundant ASVs at Bloom stations and Low-Chl stations. ASVs with significantly larger proportions at Bloom
stations (log2-fold change >0) are shown in green, and those with significantly higher proportions at Low-Chl stations in blue (log2-fold

change <0).

the shelves, without a significant interaction of the two
parameters [Depth: R? =0.22, Fs,116 = 8.91, p = 0.001;

Sample Type (Bloom,
F2,116 = 1504, p 00013
= 0.06, F1O,116 =1.31, P = 009]

Low-Chl):
Depth x Sample Type:

R?> =0.15,
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Fig. 3. Major classes in Weddell Sea
bacterioplankton. Composition of the
16S rRNA gene sequences. Stations
are ordered according to their chloro-
phyll a concentration, from highest
station 28) to lowest (station 47).
Classes with median proportions >1%
across all samples) are shown indi-
vidually. Alphaproteobacteria are fur-
ther split into the Roseobacter clade,
the SAR11 clade and other groups.
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Bloom stations and Low-Chl stations shared 67% of
the ASVs. These shared ASVs comprised at least 94%
of the sequences at the shelf stations. Differences
between the sequence proportions at Bloom stations and
Low-Chl stations were further explored in a DESeqg2
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analysis, which revealed 78 differentially abundant ASVs
assigned to 11 orders (Fig. 4B and Fig. S3). Of these
ASVs, 13 ASVs comprised >1% of the 16S rRNA gene
sequences at 20-35 m, the depth of maximum Chl-a
concentrations. Ten abundant ASVs assigned to the gen-
era Polaribacter, Ulvibacter (both Flavobacteriales),
Yoonia-Loktanella, Sulfitobacter, Planktomarina (all
Rhodobacterales), the SAR92 clade (Pseudomonadales)
and two unclassified genera of the families Sap-
rospiraceae  (Chitinophagales) and Nitrincolaceae
(Pseudomonadales), respectively, were significantly
enriched at Bloom stations. Three dominant ASVs affili-
ated with the NS4 Marine Group, the SAR86 Clade and
the SUPO5 Cluster showed significantly higher propor-
tions at Low-Chl stations (Fig. 4B).

Spatial variation of prokaryotic key players along the
shelves

The spatial variation of the dominant lineages in the
upper mixed layer of the southern Weddell Sea was
explored by compiling the abundances of the dominant
taxa at 20-35 m, the depth of the Chl-a maximum
(Fig. 5). The relative sequence proportions of the 20 most
abundant ASVs ranged from 1.1% [SUPO05 cluster
(ASV3) and SAR86 clade (ASV25)] to 17.6% [SAR11
clade la (ASV1)]. Together, they accounted for 55%—
78% of all sequences at 20-35 m depth. According to
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the results of the DESeq2 analysis, the 20 most abun-
dant ASVs were classified as bloom-responsive taxa
(log2-fold change >0), low-chlorophyll specialists
(log2-fold change <0) and not differentially abundant
(no significant change) (Figs 4B and 5). The bloom-
responsive genus Polaribacter was represented by three
abundant ASVs that differed in their spatial distributions
along the shelves. Polaribacter-affiliated sequences at
the Filchner-Ronne Ice Shelf were dominated by ASVS8,
while at the Eastern Weddell Sea Shelf ASV8 and
ASV23 were detected in equal proportions. Polaribacter-
affiliated ASV34 was more prevalent at the northern sta-
tions (64.0-66.7°S) than at the shelves (Fig. 5). Yoonia-
Loktanella (ASV12) and Sulfitobacter (ASV14) showed
pronounced maxima at stations located within the Halley
Bay Polynya and the Ronne Polynya (Fig. 5). The bloom-
responsive  SAR92 clade (ASV17) and ASV44, an
unclassified member of the family Saprospiraceae, were
associated with Phaeocystis sp. (Fig. S4). Sequence pro-
portions accounted on average for only 0.3% and 0.7%
for ASV44 and the SAR92 clade respectively, at strongly
diatom-dominated stations but for 3.9% and 3.5% at sta-
tions with larger shares of Phaeocystis sp.

Depth profiles of the bloom-responsive ASVs revealed
that the abundances of Polaribacter, Sulfitobacter and
Yoonia-Loktanella were highest at 0-5 m and steeply
declined below the surface, while the SAR92 clade and
ASV7, and unclassified member of the family

N
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Fig. 5. Spatial distribution of the 20 dominant ASVs at 20-35 m depth. Panels of the heatmap show ASVs with larger proportions at Bloom sta-
tions (bloom-responsive, top), with equal proportions at Bloom and Low-Chl stations (not differentially abundant, middle), and with larger propor-
tions at Low-Chl stations (low-Chl specialists, bottom), as derived from the DESeq2 analysis. Letters in the top colour bar indicate stations with
strongly diatom-dominated phytoplankton (D) and stations with larger shares of Phaeocystis sp. (P).
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Nitrincolaceae, showed highest abundance below the
pycnocline at 40-50 m depth (Fig. S5). ASVs assigned
to the NS4 marine group, the SAR86 clade and the
SUPO5 cluster were classified as specialists for Low-Chl
stations by the DESeq2 analysis (Figs 4B and 5). Max-
ima of ASVs affiliated with the NS4 marine group
(ASV21) and the SARB86 clade (ASV25) were often
detected below the pycnocline at Low-Chl stations
(Fig. S4).

In addition to the taxonomic classification, searches of
the partial 16S rRNA gene sequences against the
GenBank nucleic acid sequence database were per-
formed to explore the similarity of the 20 dominant
Weddell Sea ASVs with sequences in environmental
samples (Table S5). Bloom-responsive Yoonia-Loktanella
(ASV12), Sulfitobacter (ASV14), Polaribacter (ASVS,
ASV23, ASV34), unclassified ASV44 (affiliated with Sap-
rospiraceae) and unclassified ASV7 (affiliated with
Nitrincolaceae) showed 100% sequence identity mostly
with isolates and sequences obtained from Antarctic and
Arctic marine systems (Table S5). Environmental
sequences 100% identical to Yoonia-Loktanella (ASV12),
Sulfitobacter (ASV14) and Polaribacter (ASV8) included
sequences derived from sea ice. ASV7 (unclassified
Nitrincolaceae) was 100% identical to the uncultivated
Antarctic y-Proteobacterium Ant4D3.

By contrast, sequences of the bloom-responsive
Ulvibacter and the SAR92 clade as well as the dominant
ASVs at Low-Chl stations, i.e. ASV21 (NS4 marine
group), ASV25 (SAR86 clade) and ASV3 (SUPO5 clus-
ter), were 100% identical to sequences from both polar
and temperate oceans (Table S5). The two dominant
ASVs affiliated with the SUPO5 cluster (ASV2 and ASV3)
showed 100% identity with the sequences of the summer
and winter communities in coastal surface waters of the
Antarctic Peninsula (Grzymski et al., 2012) and were uni-
formly distributed over depth at the Weddell Sea shelves
(Fig. S5).

Antarctic bacterioplankton diversity and activity 4039
Bacterial activity

Bacterial biomass production ranged from 2.5 to
53.8 mg C m—2 d~' and was directly related to Chl-a con-
centrations across all stations in the Weddell Sea (linear
regression, r* = 0.55, p < 0.0001, n = 25) (Fig. 6A).
Depth-integrated bacterial production at Bloom stations
was, on average, 2.7 times higher than at Low-Chl sta-
tions. Highest bacterial production of
0.84 + 0.43 pg C L~' d~" was measured at Bloom sta-
tions at 0—40 m depth. Maximum growth rates of 0.44
and 0.53 d' were determined at Bloom stations at 20—
35 m depth. The largest differences between Bloom sta-
tions and Low-Chl stations occurred at 40-75 m, where
bacterial production and bacterial growth rates at Bloom
stations were, on average, 3.4 times and 4.2 times higher
than at Low-Chl stations respectively. Bacterial growth
rates at Bloom stations exceeded those at Low-Chl sta-
tions in the upper mixed layer but also below the
pycnocline [two-way ANOVA, Depth: Fq41o = 38.97,
p <0.001; Sample Type (Bloom, Low-Chl):
Fi116 =59.06, p <0.001; Depth x Sample Type:
Fi112 = 0.44, p > 0.05]. Cell numbers of both bacteria
and nanoflagellates declined from the surface to 100 m
depth without clear differences between Bloom stations
and Low-Chl stations (Fig. S6). Differences in phyto-
plankton composition as inferred from chloroplast
sequences in the 16S rRNA gene libraries had no consis-
tent effect on bacterial activity and cell numbers of bacte-
ria and nanoflagellates (Fig. 6B and Fig. S6).

Co-occurrence network of surface communities

A co-occurrence network analysis of surface communi-
ties was conducted to explore positive associations
between different ASVs and between ASVs and DOM
components (Fig. 7). The co-occurrence network con-
sisted of 239 nodes and 1886 edges. It had a diameter of

A B Fig. 6. Bacterial biomass production
60 0! and growth.
° A. Chlorophyll a concentrations

(mg Chl-a m™2) related to bacterial
biomass production (mg C m=2 d~").
Regression line: y = 0.24x + 11.18,
r? = 0.55, p < 0.0001.
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=

8.2, a transitivity of 0.70 and an average path length of
4.3. A modularity of 0.59 based on greedy optimization
yielded a modular structure that included nine communi-
ties (Fig. 7; Table 2). Three of those communities (com-
munities 7-9) consisted of only two to three vertices and
were disconnected from the other six interconnected
communities (1-6), each of which consisted of 6-75 verti-
ces (Fig. 7; Table 2).

All analysed amino acids and five of the 10 analysed
sugars were part of community 4 (Fig. 7). In that commu-
nity, 33% of the edges were linkages between ASVs and
either amino acids or sugars. Community 4 included 42%
of the ASVs identified in the DESeq2 analysis as bloom-
responsive taxa, including the abundant ASV8 (Pol-
aribacter 1), ASV12 (Yoonia-Loktanella) and ASV14
(Sulfitobacter). Linkages to at least one sugar or amino
acid were determined for 66% of the nodes in commu-
nity 4.

Community 3 had the highest average degree, with at
least twice as many edges between ASVs than detected
in the other communities (Table 2). Thirteen of the
14 ASVs present in the co-occurrence network and
enriched at Low-Chl stations according to the DESeq2

Fig. 7. Co-occurrence network of pos-
itive interactions between Bacteria,
Archaea, amino acids and carbohy-
drates at 0-35 m depth. Connections
indicate significant positive correla-
tions (Pearson’s r > 0.6, p < 0.01).
Nodes represent ASVs (circles),
amino acids (AA, orange diamonds)
and carbohydrates (CHO, green dia-
monds). ASVs are colour-coded by
community.
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analysis were members of community 3, including the
abundant ASV21 (NS4 Marine Group) and ASV3 (SUP05
Cluster).

Discussion

Organic matter availability and its relevance for
heterotrophic bacterial activity

The Halley Bay Polynya and the Ronne Polynya were
identified in this study as hotspots of phytoplankton
standing stocks and microbial carbon cycling in the
Weddell Sea. Maxima in Chl-a, NCP, dissolved proteins
and carbohydrates along the shelves were determined in
the two polynyas, evidence of their importance for biologi-
cal productivity throughout the summer season. In line
with previous observations from the Weddell Sea and the
Ross Sea (von Brockel, 1985; Arrigo et al., 2000),
strongly diatom-dominated blooms occurred in the shal-
low surface mixed layers of the Ronne Polynya, whereas
blooms with larger proportions of Phaeocystis
sp. developed in more deeply mixed waters of the east-
ern Weddell Sea Shelf. Despite the development of
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Table 2. Topological features of the co-occurrence network.

Antarctic bacterioplankton diversity and activity 4041

Nodes

Average  Average path
Total Bacteroidia (%) Alphaproteobacteria (%) Gammaproteobacteria (%) Edges degree length Transitivity
Whole Network 239 34 19 37 1886 15.8 4.3 0.70
Community 1 27 62 4 27 55 4.1 3.3 0.53
Community 2 54 41 19 35 301 111 2.6 0.68
Community 3 75 20 31 33 947 253 1.9 0.73
Community 4 54 34 11 51 456  9.2° (16.9°) 21 0.70
Community 5 16 44 6 31 25 3.1 3.0 0.52
Community 6 6 67 0 33 9 3.0 15 0.71

2Average degree between ASVs.
PAverage degree including edges between ASVs and CHO/AA.

phytoplankton blooms along the shelf, DOM accumula-
tion was low compared to temperate marine systems.
Average DOC concentrations at the surface and at 20—
35 m depth exceeded the concentrations at 100 m depth
by 3-14 umol L~". This range is similar to that reported
in other studies of spring blooms in the Southern Ocean
but substantially lower than the range in temperate
marine systems such as the North Sea (ADOC 30-
50 pmol L") and the Mediterranean Sea (ADOC ~30
pumol L") (Kahler et al., 1997; Wiebinga and De
Baar, 1998; Ogawa et al., 1999; Trabelsi and
Rassoulzadegan, 2011; Sperling et al., 2017). Low DOC
production along the Weddell Sea shelves might be
explained by the low partitioning of primary production
into DOM. During the spring bloom in the Ross Sea, only
10% of organic carbon is allocated to the dissolved pool
(Carlson et al., 2000) compared to 86% of the bloom-
produced carbon in the oligotrophic Sargasso Sea
(Carlson et al., 1998). In addition, the results of experi-
mental studies suggest that nutrient-replete conditions
like in the southern Weddell Sea reduce the release of
DOC by phytoplankton exudation (Engel et al., 2013).

Despite the limited buildup of DOC stocks, bacterial
production and growth along the shelves responded
strongly to the development of phytoplankton blooms.
The direct relationship between the Chl-a concentration
and bacterial biomass production as well as the signifi-
cantly higher bacterial growth rates at Bloom stations
than at Low-Chl stations strongly suggested that the low
availability of fresh phytoplankton-derived organic matter
constrained bacterial growth. Heterotrophic bacterial
growth rates of 0.10-0.53 d~' (average 0.25 d™") in the
upper mixed layer of Bloom stations were similar to
values reported for the Equatorial Pacific Ocean (0.11-
0.16 d~") and the North Atlantic Ocean (0.1-0.3 d~ "),
where the seawater temperature is 10°C—20°C higher
(Ducklow et al., 1993; Kirchman et al., 1995, 2009a).

At the Bloom stations, bacterial growth rates were also
elevated below the pycnocline, although in these deeper

waters the concentrations of DOC, DHAA and DCCHO
were similar to those at Low-Chl stations. This observa-
tion indicates that sinking phytoplankton-derived particles
sustained a significant share of bacterial biomass produc-
tion. High bacterial activity at mid-water depth was also
reported for the Ross Sea and the Amundsen Sea
Polynyas, where high bacterial production coincided with
a strong reduction in particle fluxes in this depth interval
(Williams et al., 2016). In addition, the tighter coupling of
bacterial production with Chl-a than with primary produc-
tion in coastal waters of the Antarctic Peninsula suggests
that heterotrophic bacterioplankton in Antarctic marginal
seas relies on DOC production at various trophic levels
and not primarily on the direct release of DOC by phyto-
plankton (Kim and Ducklow, 2016).

Overall, our results revealed a strong coupling of bac-
terial growth to phytoplankton along the Weddell Sea
shelves and a high potential for bacterial carbon re-
mineralization in the upper 100 m of the water column.

Molecular composition and transformation of DOM

In line with the low DOC concentrations, the concentra-
tions of DAA and DCCHO in the Weddell Sea were also
substantially lower than in temperate oceans. A compari-
son of the concentrations in the Weddell Sea with those
in tropical oceans and in the Arctic Ocean showed a
stronger depletion of DCCHO than of DAA. The average
surface  DCCHO concentration in the Weddell Sea
(322 nmol L") was almost four times lower than in the
eastern tropical South Pacific, 2.5-fold lower than in Fram
Strait (Arctic Ocean), and ~80 nmol L~ lower than the
concentrations determined in the central Arctic Ocean
(Loginova et al., 2019; von Jackowski et al., 2020;
Piontek et al., 2021). At the same time, the average sur-
face DAA concentration of 259 nmol L~ determined in
the Weddell Sea was only about twofold lower than in the
eastern tropical South Pacific, similar to the concentra-
tions in Fram Strait and 60-90 nmol L~ higher than the
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concentrations in the central Arctic Ocean and East Sibe-
rian shelf seas (Loginova et al., 2019; von Jackowski
et al., 2020; Piontek et al., 2021). A study investigating
the optical properties of DOM in the Amundsen Sea also
reported the relative enrichment of proteins in DOM, indi-
cated by a high tyrosine-like fluorescence (Chen
et al., 2019). Our field data cannot resolve the mecha-
nisms sustaining carbohydrate depletion and protein
enrichment in Weddell Sea DOM. The nutrient-replete
conditions along the shelves may have reduced the pro-
duction of phytoplankton-derived carbohydrates. It has
been experimentally demonstrated that the accumulation
of dissolved carbohydrates and carbohydrate-rich gels is
lower during nutrient-replete phytoplankton growth than
under nutrient limitation (Engel et al., 2002; Granum
et al., 2002; Borchard and Engel, 2012). A biological pro-
cess that may support DAA enrichment is the intense
allocation of photosynthetic carbon into phytoplankton
proteins, as reported for communities in the Amundsen
Sea Polynya (Song et al., 2016). Furthermore, copepods
feeding on phytoplankton cells can incidentally enhance
the release of amino acids into the dissolved pool
(Riemann et al., 1986).

A prominent feature of the DAA of the Weddell Sea was
the consistently large share of glycine (41 £ 6%), which
was 11%—20% larger than the share in the Sargasso Sea,
the North Pacific subtropical gyre and the eastern tropical
South Pacific (Kaiser and Benner, 2009; Loginova
et al., 2019), but similar to the share in the waters north of
the Antarctic Peninsula at 59-63°S (~35%) (Shen
et al., 2017). A high glycine content has been interpreted
as an indicator of degraded and recalcitrant DOM
(Nguyen and Harvey, 1997; Kaiser and Benner, 2009).
However, a consistently large amount of glycine in the
surface waters at Bloom stations suggests that also fresh
DOM in the Weddell Sea was glycine-enriched. It was pre-
viously shown that the biomass of plankton at and south
of the Antarctic Polar Front was enriched in glycine com-
pared to the biomass of plankton north of the front (Ingalls
et al., 2003). Hence, the solubilization of glycine-rich
organic particles by bacterial extracellular enzymes may
have led to glycine accumulation in DOM.

The molecular composition of carbohydrates was
strongly influenced by phytoplankton-specific variations.
At stations with larger shares of Phaeocystis sp.,
DCCHO were enriched in arabinose and mannose/
xylose. Arabinose, mannose and xylose are major non-
glucose carbohydrates in Phaeocystis globosa and
Phaeocystis pouchetii (Biersmith and Benner, 1998;
Alderkamp et al., 2007a). Bioassays further showed that
the mucopolysaccharide fraction of Phaeocystis globosa
is not susceptible to the abundant laminarin-degrading
hydrolases of natural marine  bacterioplankton
(Alderkamp et al., 2007b). Our results provide further

evidence that arabinose-, xylose- and mannose-
containing polysaccharides are recalcitrant components
in DOM. In the PCA, samples from both Bloom and Low-
Chl stations with elevated Phaeocystis contributions were
enriched in arabinose and mannose/xylose, suggesting
that these polysaccharides were not degraded over short
time-scales during and/or after bloom events.
Polysaccharide-utilization loci encoding enzymes for the
degradation of arabinose-, xylose- and mannose-
containing polysaccharides have been found in
Flavobacteriia, indicating that these carbohydrates can
be accessed by at least some important lineages of
marine bacterioplankton (Kappelmann et al., 2019).

Spatial variation in the diversity, structure and taxonomic
composition of bacterial communities

To the best of our knowledge, this is the first taxonomic
survey of Weddell Sea bacterioplankton using high-
throughput sequencing on the lllumina platform. The tax-
onomic composition inferred from 16S rRNA gene
sequences and 16S rRNA sequences was largely similar.
Differences were mainly driven by taxa with small cell
sizes such as the SAR11 clade and the Candidatus
Nitrosopumilus-dominated Thermoplasmata. Previous
studies suggested that the 16S rRNA sequences of envi-
ronmental samples are at least enriched with ribosomes
of active community members (Campbell et al., 2011;
Denef et al., 2016). Given this assumption, the composi-
tional similarity of 16S rRNA gene sequences and 16S
rRNA sequences in our study suggests that the largest
share of taxa in the Weddell Sea was putatively active.
This is consistent with the conclusion by Salazar et al.
(2019) that changes in the functioning of polar marine
communities are primarily driven by community turnover
rather than by changes in gene expression.

The dominant taxa in the Weddell Sea, i.e. Polaribacter,
Sulfitobacter, Yoonia-Loktanella, Ulvibacter, the SAR11,
SAR86, and SAR92 clades, and the NS2b, NS4 and NS9
marine groups, were also shown to be abundant in sum-
mer communities of the west coast of the Antarctic Penin-
sula, in the Amundsen Sea Polynya, Terra Nova Bay
(Ross Sea), and at the central Kerguelen Plateau in the
Indian sector of the Southern Ocean (Grzymski
et al., 2012; Delmont et al., 2014; Luria et al., 2016; Liu
et al., 2020). Hence, these lineages are likely part of a
summer core community in Antarctic marginal seas. Pol-
aribacter and the NS9 marine group (both Fla-
vobacteriales) were further identified as important taxa in
the latitudinal differentiation of bacterial communities from
temperate to polar oceans (Salazar et al., 2019). Dominant
ASVs were assigned to Bacteroidia, Alphaproteobacteria
and Gammaproteobacteria, demonstrating that the
genetic potential for sufficient adaptation to sub-zero
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seawater temperature is phylogenetically widespread. Pre-
vious studies showed that cold ecosystems contain many
microorganisms capable of only moderate cold adaptation
(Bowman, 2017). A potential reason is that fast growth
rates are not generally selected for in ecosystems with lim-
ited and ephemeral resources (Roller and Schmidt, 2015).
Consequently, in very cold environments a perfect adapta-
tion of growth to prevailing temperatures would not neces-
sarily be advantageous (Bowman et al., 1997; Steven
et al., 2008; Tuorto et al., 2014). The dominance of ubiqui-
tous marine genera along the Weddell Sea shelves may
point to moderate cold adaptation. An alternative explana-
tion, however, is that these ubiquitous taxa achieve
genetic variation enabling cold adaptation mostly at the
species and/or ecotype level. Consistent with the assump-
tion of species and/or ecotypes adapted to the polar
marine environment, dominant sequences of the Weddell
Sea affiliated with Planktomarina, Sulftobacter, Yoonia-
Loktanella, the SAR92 clade and the SARS86 clade
showed 100% identity only with sequences from the cold
ocean.

The strong response of bacterial biomass production to
phytoplankton blooms along the Weddell Sea shelves
was accompanied by distinct spatial changes in the
taxonomic composition of surface bacterioplankton.
Differences in the community composition between
Bloom and Low-Chl stations were driven mainly by mem-
bers of the orders Flavobacteriales, Rhodobacterales,
Cellvibrionales, Chitinophagales and Pseudomonadales.
Sequences affiliated with the bloom-responsive genera
Yoonia-Loktanella,  Sulfitobacter —and  Polaribacter
showed 100% identity with sequences retrieved from sea
ice samples, suggesting that representatives of these
genera in the Weddell Sea can also cope with entrain-
ment into highly saline brine channels. The flexibility to
colonize both sea ice and surface seawater may contrib-
ute to the successful ecological strategy of these genera
along the ice shelves. Their predominance in surface
ocean communities during summer was potentially
supported by the ability to utilize light as an energy
source. Cultured representatives of Polaribacter were
shown to contain the proteorhodopsin gene as well as
genes encoding proteins conferring the ability to sense
and respond to light (Gonzalez et al., 2008). Sequences
encoding the photosynthetic reaction centre PufL and
PufM were identified in the genomes of Yoonia-
Loktanella and Sulfitobacter (Imhoff et al., 2018). In con-
trast to other bloom-responsive lineages, the sequence
proportions of Loktanella, Sulftobacter and Polaribacter
strongly declined from the surface to 40-50 m depth.
Phototrophic energy production may explain this prefer-
ence for the sea surface rather than for the depth of max-
imum Chl-a concentration (20—35 m).
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Another successful metabolic strategy of bloom-
responsive taxa was potentially the efficient utilization of
specific DOM components. Cultivars of both Yoonia-
Loktanella and Sulfiftobacter possess genes encoding
enzymes for the demethylation of dim-
ethylsulfoniopropionate (DMSP), an organic osmolyte
produced by many phytoplankton species (Bullock
et al., 2017). Furthermore, the SAR92 clade and an
unclassified member of the family Saprospiraceae
(Chitinophagales) (ASV44) showed a clear preference
for stations with elevated proportions of Phaeocystis
sp. The prevalence of Phaeocystis sp. had a strong
effect on the carbohydrate composition in the Weddell
Sea. The substrate spectrum produced by Phaeocystis
Sp., which also includes DMSP and nitrogen-rich compo-
nents, may shape the structure and composition of the
associated bacterial communities (Delmont
et al., 2014, 2015).

Heterotrophic lineages also dominated stations with
low Chl-a concentrations. Hence, representatives of
groups like the NS4 marine group and the SAR86 clade
may be considered as specialists in coping with low
organic matter availability at sub-zero temperatures. This
observation is consistent with the description of seasonal
niches of the NS4 marine group and the SAR86 clade
before and/or after major phytoplankton bloom events in
temperate marine systems (Treusch et al., 2009; Alonso-
Séez et al., 2015). The dominance of heterotrophic bac-
terial taxa at Low-Chl stations is in marked contrast to the
winter surface communities, which have been shown to
comprise up to 20% of chemolithoautotrophic archaea
and bacteria (Massana et al., 1998; Murray et al., 1999;
Grzymski et al., 2012). During summer, heterotrophs out-
competed chemolithoautotrophic assemblages in the
Weddell Sea even below the ice, suggesting that already
low concentrations of fresh organic matter were sufficient
to induce a community shift. The dominance of heterotro-
phic communities at low organic matter concentration at
the Weddell Sea shelves is consistent with the results of
a seasonal study off the Antarctic Peninsula, where
already ephemeral phytoplankton production at increas-
ing daylight in late October resulted in increasing propor-
tions of Flavobacteriales and decreasing proportions of
chemolithoautotrophs (Luria et al., 2016). Candidatus
Nitrosopumilus, the dominant archaeon in Antarctic sur-
face communities during winter, showed elevated abun-
dance at depths =75 m in our study. An experimental
study revealed that Nitrosopumilus maritimus exhibited
photosensitive growth and its growth rates significantly
decreased already at low light intensities
(15 pE m~2 s7") (Merbt et al., 2012). Therefore, light pen-
etration at low ice concentrations and in ice-free waters
may also have contributed to the low prevalence of
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Candidatus Nitrosopumilus in Weddell Sea surface com-
munities during summer. A feature shared by Antarctic
winter and summer communities of the Weddell Sea was
the prevalence of the SUPO5 cluster (Grzymski
et al., 2012). Recent studies recognized this cluster as a
metabolically diverse lineage comprising autotrophic and
heterotrophic members (van Vliet et al., 2021). Heterotro-
phic members have been commonly found in free-living
bacterioplankton of the oxic ocean, suggesting that repre-
sentatives of the SUPO5 cluster in the surface Weddell
Sea are consumers of organic carbon. However, it can-
not be excluded that partial or incomplete sulfur oxidation
and carbon fixation pathways allow thioautotrophic
growth (Morris and Spietz, 2022). Furthermore,
proteorhodopsin sequences affiliated with the SUP05
cluster were detected in the surface ocean (Olson
et al., 2018). These findings suggest that, in Antarctic
marine systems, the versatile metabolism of the SUP05
cluster provides it with a successful year-round strategy
that may lead to competitive advantages over strictly het-
erotrophic and chemolithoautotrophic groups.

The differences in bacterial community composition
between Bloom stations and Low-Chl stations were also
reflected in the co-occurrence network. Bloom-responsive
ASVs and specialists for low organic matter availability
were largely included in different communities of the net-
work. The average number of positive associations
between ASVs in the community of low-organic matter
specialists was at least twice as high as in other commu-
nities of the network, suggesting a larger number of posi-
tive interactions between low-organic matter specialists
than between bloom-responsive ASVs. The high level of
interaction at low availability of fresh organic matter is in
agreement with observations from the temperate ocean,
where the NS2b marine group, the NS4 marine group,
and the SARS86 clade, i.e. abundant taxa in the Weddell
Sea, were shown to participate in episodic events of syn-
chronized growth (Alonso-Séez et al., 2015). Inter-
species interactions are increasingly recognized as a
major biotic factor shaping plankton communities (Lima-
Mendez et al., 2015). In particular, cross-feeding between
species with streamlined genomes was shown to result in
highly interconnected stable bacterial communities
(Johnson et al., 2020). It can thus be assumed that bene-
ficial interactions support the heterotrophic growth of
communities in areas of low organic matter availability in
the Weddell Sea.

Conclusion

Our results demonstrate the presence of highly active
bacterioplankton along the ice shelves of the southern and
eastern Weddell Sea. The spatial variation in heterotrophic

bacterial activity and in taxonomic community composition
was shown to be driven by the development of phytoplank-
ton blooms in ice-free coastal polynyas. The extent of Ant-
arctic sea ice has changed dramatically in the last
~50 years, from relatively gradual increases in the late
1970s to rapid decreases since 2014. Similar to other Ant-
arctic marginal seas, the ice extent in the Weddell Sea
decreased markedly during 20152018, when the record
minimum was nearly reached (Parkinson, 2019; Turner
et al., 2020). Our results show that phytoplankton and bac-
teria were tightly coupled during this phase of rapid ice
loss, such that bacterial carbon re-mineralization increased
in response to the increased availability of fresh organic
matter in the expanding ice-free regions. In our study area,
the two major coastal polynyas were shown to be hotspots
of bacterial carbon recycling. The dominance of taxa like
Polaribacter, Sulfitobacter, Yoonia-Loktanella, Planktom
arina, the SUPO5 cluster, and the SAR11 and SAR86 cla-
des, in the southern Weddell Sea evidenced sufficient
genetic adaption to the Antarctic marine environment by
ubiquitous and phylogenetically diverse marine lineages.
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Appendix S1. Supporting Information.

Table S1. Chlorophyll a (Chl-a) concentration, net commu-
nity production (NCP) and nutrient depletion ratios. The
means and standard deviations are reported.

Table S2. Composition (mol%) of dissolved amino acids. The
means and standard deviations for the different depth inter-
vals at Bloom stations and Low-Chl stations are reported.
Table S3. Composition (mol%) of dissolved combined carbo-
hydrates. The means and standard deviations for the differ-
ent depth intervals at Bloom stations and Low-Chl stations
are reported.

Table S4. Indices of alpha-diversity for 16S rRNA gene
sequences and 16S rRNA sequences at Bloom stations and
Low-chlorophyll (Low-Chl) stations. Differences between the
upper mixed layer and waters below the pycnocline at both
groups of stations were tested in a two-way ANOVA.

Fig. S1. Seasonal sea-ice dynamics and chlorophyll a con-
centrations derived from remote-sensing observations at
(A) the Ronne Polynya and (B) the Halley Bay Polynya. Sea
ice data were downloaded from www.meereisportal.de, and
chlorophyll-a data from www.oceancolour.org.

Fig. S2. Major classes in Weddell Sea bacterioplankton.
Composition of the 16S rRNA sequences. Stations are
ordered according to their chlorophyll a concentration, from
highest (station 28) to lowest (station 47). Classes with
median proportions =1% (across all samples) are shown
individually, and those with proportions <1% are summarized
within the category Other Classes. Alphaproteobacteria
were further split into the Roseobacter clade, the SAR11
clade, and other groups.

Fig. S3. Venn diagram. The numbers of shared and unique
amplicon sequence variants (ASVs) at Bloom stations, Low-
Chl stations, and the northern stations at Maud Rise (N).

Fig. S4. DESeq2 analysis of differentially abundant ASVs at
stations with strongly diatom-dominated phytoplankton and
at Phaeocystis-rich stations. ASVs with significantly larger
shares at diatom-dominated stations (log2-fold change <0)
are indicated by squares, and those with significantly higher
proportions at stations with elevated shares of Phaeocystis
sp. (log2-fold change >0) by circles. The highlighted ASVs
1, 17 and 44 were among the 20 most abundant sequence
variants in the data set (average sequence proportions
across all samples 21%, 1.7%, 1.0% respectively).

Fig. S5. Depth profiles of the 20 most abundant amplicon
sequence variants (ASVs) in surface waters at Bloom sta-
tions, Low-Chl stations, and northern stations at Maud Rise
(64.0-66.7°S) (N). Abundance was estimated by multiplying
the percentage of 16S rRNA gene reads by the total prokary-
otic cell number. ASVs with a significantly higher abundance
at Bloom stations than at Low-Chl stations, as inferred from
a DESeq2 analysis. (A) ASVs with significantly higher abun-
dance at Bloom stations than at Low-Chl stations, as inferred
from a DESeq2 analysis. (B) ASVs without significant differ-
ences in abundance between Bloom stations and Low-Chl
stations, as inferred from a DESeq2 analysis. ASVs with sig-
nificantly higher abundance at Low-Chl stations than at
Bloom stations, as inferred from a DESeq2 analysis.

Fig. S6. Abundance of (A) bacteria and (B) nanoflagellates
at Bloom stations, Low-Chl stations, and northern stations at
Maud Rise (64.0-66.7°S) (N). Lines trace the mean values
of Bloom stations and Low-Chl stations, with shaded areas
representing the 95% confidence intervals. Closed circles
denote strongly diatom-dominated stations, and open circles
stations with higher contributions of Phaeocystis sp.

Table S5. Closest relatives of the 20 most abundant Weddell
Sea amplicon sequence variants in GenBank.

All GenBank entries included in peer-reviewed publications
were considered. All entries with 100% sequence identity
are included (April 2021). In case of less than three 100%
similar sequences, the three hits with the highest similarities
were listed.
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