
Abstract With ongoing climate change, research into the biological changes occurring in particularly 
vulnerable ecosystems, such as Antarctica, is critical. The Totten Glacier region, Sabrina Coast, is currently 
experiencing some of the highest rates of thinning across all East Antarctica. An assessment of the microscopic 
organisms supporting the ecosystem of the marginal sea-ice zone over the continental rise is important, yet 
there is a lack of knowledge about the diversity and distribution of these organisms throughout the water 
column, and their occurrence and/or preservation in the underlying sediments. Here, we provide a taxonomic 
overview of the modern and ancient marine bacterial and eukaryotic communities of the Totten Glacier region, 
using a combination of 16S and 18S rRNA amplicon sequencing (modern DNA) and shotgun metagenomics 
(sedimentary ancient DNA, sedaDNA). Our data show considerable differences between eukaryote and 
bacterial signals in the water column versus the sediments. Proteobacteria and diatoms dominate the bacterial 
and eukaryote composition in the upper water column, while diatoms, dinoflagellates, and haptophytes 
notably decrease in relative abundance with increasing water depth. Little diatom sedaDNA is preserved in the 
sediments, which are instead dominated by Proteobacteria and Retaria. We compare the diatom microfossil 
and sedaDNA record and link the weak preservation of diatom sedaDNA to DNA degradation while sinking 
through the water column to the seafloor. This study provides the first assessment of DNA transfer from ocean 
waters to sediments and an overview of the microscopic communities occurring in the climatically important 
Totten Glacier region.

Plain Language Summary Antarctica is highly vulnerable to climate change and research into 
how marine organisms around the continent will respond to warming conditions is important. Microscopic 
organism, such as bacteria and phytoplankton, are key in the marine ecosystems because they support 
the entire marine food web. In this study, we investigated the composition of these microorganisms in the 
climatically important East Antarctic Totten Glacier region. We profiled compositional changes throughout 
the water column and into underlying subseafloor sediments, which provided information on both actively 
living and long dead organisms, and thus modern and past environmental conditions, respectively. We 
used genetic techniques to compare these marine communities, focusing on the taxonomically informative 
small subunit ribosomal ribonucleic acid (SSU rRNA) gene. Our study provides an overview about the 
microorganisms that live in the modern ocean in the Totten Glacier region, and how well their genetic 
signatures preserve in the underlying sediments. This knowledge is important both for assessments of present-
day marine ecosystem health and functioning, and when reconstructing past ocean environments as analogs to 
ongoing climate change.
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1. Introduction
Polar regions are particularly vulnerable to climate change. The latest Intergovernmental Panel on Climate Change 
(IPCC) models have predicted that the Arctic and Antarctic are warming faster than tropical regions under 1.5°C, 
2°C, and 4°C global temperature increase scenarios (IPCC, 2021). Around Antarctica, large-scale alterations in 
Southern Ocean circulation and environmental conditions have already been shown, as has their influence at all 
levels of the Antarctic marine food web (Rogers et al., 2020). These impacts on Antarctic marine organisms differ 
regionally (Rogers et al., 2020) and are usually associated with sea-ice characteristics and/or seasonal dynamics 
(Constable et al., 2014). Rising Southern Ocean temperatures are already driving the poleward range expansion 
of organisms adapted to thrive in cold temperature oceanographic conditions (e.g., phyto- and zooplankton; 
Constable et al., 2014; McLeod et al., 2012). Moreover, increasing ocean acidification impacts the survival of 
calcifying organisms such as coccolithophores, and the reproductive success of zooplankton such as Antarctic 
krill (Constable et al., 2014; Kawaguchi et al., 2011, and references therein). Consequently, these “lower food 
web” changes may impact species at higher trophic levels, including marine predators (Constable et al., 2014).

A particularly important study region in the context of rapid, climate-change-induced ecosystem changes is the 
Sabrina Coast, East Antarctica. This coast is bounded by the Dalton Ice Tongue to the east (∼125°E) and the 
Totten Glacier to the west (∼115°E). The Totten Glacier, which drains ice in the Aurora Subglacial Basin, drains 
more ice than any other East Antarctic Ice Sheet glacier (Greenbaum et  al.,  2015). Significant retreat of the 
grounding line (1–3 km) and ice thinning (on average 0.7 ± 0.1 m/year) have been observed between 1996 and 
2013 (Li et al., 2015). The Sabrina Coast is located within the Wilkes Land coastland, which has been shown to 
have lost a considerable amount of ice (51 ± 13 Gt/year) between 1979 and 2017, with East Antarctica to be a 
dominant contributor to global sea level rise (4.4 ± 0.9 mm) during the same time period (Rignot et al., 2019).

The main water masses over the continental rise of the Totten Glacier region are Antarctic Surface Water (occurs 
at approximately 0–50 m water depth and is characterized by temperatures of >−1.5°C and salinities <34.2 S), 
Winter Water (approximately 50–400 m; −1.92°C to 1.75°C, 34.0–34.5 S), and modified Circumpolar Deep 
Water (mCDW, below ∼400 m, >0  °C, >34.5 S; Bensi et al., 2022). Antarctic Bottom Water (temperature −0.5°C 
to 0°C, salinity 34.63–34.67 S) occurs below ∼2,000 m and is a mixture of remnant Ross Sea Bottom Water 
and Adélie Land Bottom Water. Bensi et al. (2022) report that, especially in the western Totten Glacier region 
(115°–117°E), intrusions of mCDW (e.g., triggered by wind-driven upwelling) onto the continental shelf are 
possible in areas where the shelf break is deeper than 400 m, as here mCDW can flow down the landward-sloping 
continental shelf, reaching the Totten Glacier grounding zone, and contributing to basal ice melt (as has been 
reported previously, e.g., Silvano et al., 2019). It has been suggested that the spatial distribution of the water 
masses is linked to the complex morphology of the seabed including several deep canyons in the Totten Glacier 
region (O’Brien et al., 2020). Additionally, the Sabrina Coast exhibits a unique and distinct benthic biodiversity 
on the shelf and upper slope (Post et al., 2017, 2020). However, an evaluation of water column biodiversity, as 
well as paleo-diversity of the sedimentary record, is still missing in this region.

The analyses of DNA signatures in the environment are increasingly applied to monitor modern and paleo-ocean 
biodiversity, respectively (Capo et al., 2022; Garlapati et al., 2019). The study of modern biodiversity usually 
involves filtering a few liters of sample water onto a sterile filter paper, extracting DNA from this filter, and then 
either analyzing all DNA in that sample (“shotgun” metagenomic approach), or the amplification and sequencing 
of genes of interest (metabarcoding approach; e.g., taxonomic marker genes, which can provide information on a 
sample’s taxonomic composition). Equivalent techniques in paleo-science are sedimentary ancient DNA analyses 
(sedaDNA), where DNA is extracted from a few grams of sediment, and shotgun sequenced or enriched for target 
genes to study specific organisms (e.g., using hybridization capture techniques; e.g., Armbrecht, Hallegraeff, 
et al., 2021; Armbrecht et al., 2022; Giosan et al., 2018; Orsi et al., 2017). While these sedaDNA techniques 
allow the detection of soft-bodied organisms beyond the fossil record, analyses can be challenging as the acquired 
sequences are typically very degraded and short (<100 base pairs [bp]), resulting in possible misidentifications 
when comparing them to modern reference sequences (Armbrecht, 2020; Capo et al., 2022). Both modern DNA 
and sedaDNA are reliant on the availability of high-quality reference sequences to prevent misidentification and/
or reference bias (Armbrecht, Eisenhofer, et al., 2021; L. J. Clarke et al., 2021; Cowart et al., 2018).

It is thought that sedaDNA is best preserved in organic-rich, non-UV exposed, anoxic, and cold environ-
ments (Armbrecht et al., 2019; Capo et al., 2022), hence, polar, deep ocean sediments are particularly suitable 
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for sedaDNA-based paleo-ecosystem studies. Indeed, eukaryote sedaDNA has been recovered from up to 
∼140,000-year-old sediments in the Arctic (De Schepper et  al.,  2019; Pawłowska et  al.,  2020; Zimmermann 
et  al.,  2020) and ∼1 million-year-old sediments in the Antarctic (Armbrecht et  al.,  2022). However, even in 
“ideal” cold and low-oxygen conditions, genetic information is lost throughout the water column, for example, 
by postmortem DNA fragmentation, degradation, uptake of DNA by living organisms, and virus/bacteriophage 
activity (e.g., Corinaldesi et al., 2007; Thomsen & Willerslev, 2015; Wei et al., 2022). These processes continue in 
the sediment column, where taphonomic processes, and possibly species-specific degradation rates, may further 
impact the compositional profiles generated through sedaDNA analyses (Giguet-Covex et al., 2019). Determin-
ing the factors and rates of genetic information loss from water into sediments are important considerations when 
using sedaDNA to reconstruct paleo-environments (Barrenechea Angeles et al., 2020; Pawłowska et al., 2014).

In this study, we use both a modern and a paleo-genomics approach to investigate vertical profiles of marine 
organisms (bacteria and eukaryotes) through the water column and underlying sediments at three sampling 
stations off the Sabrina Coast, East Antarctica. Water and sediment samples were collected during the “Sabrina 
Seafloor Survey” (IN2017_V01) and represent the surface waters, chlorophyll maximum depth, bottom waters, 
and several depths below the seafloor. Our aim is to provide the first biodiversity assessment of microorganisms 
in this region using modern DNA and sedaDNA techniques, and to investigate potential taxonomic information 
loss from the water to the sediments, using data collected at the same sampling locations during the same voyage.

2. Methods
2.1. Sample and Data Collection During IN2017_V01

Conductivity–temperature–depth (CTD) data, seawater samples, and sediment cores (Kasten Cores [KCs]) were 
collected during the RV Investigator voyage IN2017_V01 (“Sabrina Seafloor Survey”) between January and 
March 2017. Onboard sampling strategies and initial descriptions of sediment cores and samples have been 
described in detail by Armand et al. (2018) and are briefly summarized below. In this study, we focused on three 
sites, CTD03/KC02, CTD05/KC14, and CTD16/KC06 (from west to east, Figure 1 and Table 1).

2.2. IN2017_V01 Water Column Sampling

CTD profiles were collected at the three sites using a SBE911plus CTD (Seabird electronics) fitted with addi-
tional sensors (fluorescence, oxygen, turbidity, and altimeter). During the upward cast, seawater was collected 
from different depths (surface [0–8 m], chlorophyll a maximum depth [“chl max,” 45–90 m], below the chl max 
[95–140 m], and bottom [below 2,000 m], Table 1), using 12 L Niskin bottles (Ocean Test Equipment, Florida) 
mounted on a SBE11 rosette (CTD fluorescence data are publicly available at: https://www.cmar.csiro.au/data/
trawler/dataset.cfm?survey=IN2017%5FV01&data_type=ctd). For the analysis of the microbial communities, 
2 L of seawater were filtered onto a 0.2 μm pore diameter PES Sterivex filter (Millipore), and the filter was then 
stored at −80°C until further analysis on shore. Concomitantly, Niskin bottle seawater samples were analyzed 
onboard for nutrients (NOx, PO4, Si), temperature, salinity, and dissolved oxygen from the same depths. Results 
from temperature, salinity, and dissolved oxygen were used to calibrate the results obtained from the CTD and 
CTD fitted sensors. Data and methodology for the physical and chemical analyses are available through the 
CSIRO Ocean and Atmosphere data trawler repository (https://www.cmar.csiro.au/data/trawler/survey_details.
cfm?survey=IN2017_V01).

2.3. IN2017_V01 Sediment Core Collection and Supplementary Core Data Generation

Three gravity cores were collected using the Kasten Coring system (KC02, 2,161 m water depth, 2.4 m long; 
KC14, 2,100 m water depth, 3.4 m long; KC06, 3,361 m water depth, 2.7 m long; Figure 1 and Table 1). KC02 
and KC14 were collected in the west of the survey region on the crest of submarine levees, while in the east, 
KC06 was collected ∼1,200 m deeper at the bottom of Jeffrey Canyon. Upon core retrieval and opening, the core 
lithology was described including sediment color as per the Munsell Color Chart, sedimentary textures (e.g., 
grain size, dropstones, and mud clots), sharp or gradational contacts between color or lithology types, sedimen-
tary structures (e.g., presence of laminations, bioturbation), and visible fossils (Armand et al., 2018). Coarse 
sediment fractions were separated by sieving the wet samples through a 63 μm sieve, and photographed onboard, 
using a camera-fitted stereomicroscope (1.5–6X magnification; Armand et al., 2018).
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Figure 1. Sampling locations. Map of the sampling sites on the Sabrina Coast of Antarctica. Depicted are the median September sea-ice extent (light blue), southern 
boundary of the Antarctic Circumpolar Current (ACC; black/white), and median February sea-ice extent (red). For sampling depths in the water column and sediment, 
see Table 1. Satellite data: AMSR-2 sea-ice concentration data averaged for February 2017; data courtesy ICDC, University Hamburg. Sea-ice extent data were 
retrieved from the National Snow and Ice Data Center repository and are based on >15% sea-ice concentration (Fetterer et al., 2017). Bathymetry data and background 
are from IBCSO v2 (Dorschel et al., 2022).
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Postvoyage, detailed geochemical analyses were undertaken on selected cores. Elemental composition of the 
cores was determined via scanning X-ray fluorescence (XRF) using the Cox Analytical System ITRAX Core 
Scanner at the Australia Nuclear Science and Technology Organisation (ANSTO), Sydney. XRF measurements 
were made at 0.5 cm resolution with a Cr–He tube at 30 kV for semiquantitative Al and Si abundances. The XRF 
data were processed by removing any signals with an intensity lower than a threshold of 35,000 kcps. Magnetic 
susceptibility was measured at 0.1 cm resolution. Biogenic silica concentrations for KC14 (Tooze et al., 2020) 
were analyzed by Quickchem 8500 Series 2 FIA at the University of Tasmania. Diatom analyses were conducted 
on slides prepared using a random settling technique (Warnock & Scherer, 2015) and include both absolute and 
relative abundance determinations, based on diatom counts performed at 1,000X magnification. The geochemis-
try and diatom data are provided in Tables S2 and S3 in Supporting Information S1, respectively.

2.4. Age Control

Age models for KC02 and KC14 were developed by radiocarbon dating of the acid insoluble organic matter 
fraction by Accelerator Mass Spectrometry by DirectAMS (USA). The sediment samples (2–3 g) were pretreated 
prior to dating using equipment sterilized in a kiln at 450°C. Oven-dried (60°C) sediment samples were ground 
and leached in 2 M HCl on a hot block at 80°C for several hours to remove any carbonates present, followed by 
several Milli-Q water rinses to remove residual acid, before being dried in an oven (60°C). The KC14 dates were 
presented in Tooze et al. (2020). Two dates from the bottom of KC02 that are presented here (Figure 3 and Table 
S2 in Supporting Information S1) were corrected for old, recycled carbon contamination using the surface acid 
insoluble organic matter age in the multicore collected at the KC02 station (Creac’h et al., 2023) and calibrated 
using the Marine20 calibration curve (Heaton et al., 2020) in MatCal 2.41 (Lougheed & Obrochta., 2016). Due 
to the spatial variability in the reservoir age particularly around Antarctica, a reservoir correction for the glacial 

Table 1 
Sampling Location Details

Latitude (S) Longitude (E) Depth (m) CTD cast Water sample depths (m) Sediment core
Sediment sample 

depths (cm)

64.47 115.62 2,161 CTD03 0: surface KC02 210–211.5

50: chl max 230–231.5

110: below chl max

2,160: bottom

64.73 118.7 3,361 CTD16 0: surface KC06 0

50: chl max 12–13.5

125: below chl max 66–67.5

3,361: bottom 110–111.5

170–171.5

260–261.5 A, B

64.55 116.61 2,104 CTD05 a 0: surface n/a

85: chl max

140: below chl max

2,104: bottom

64.53 116.64 2,100 n/a KC14 a 40–41.5

210–211.5

330–331.5

Note. Listed are the exact coordinates of the sampling sites and the corresponding conductivity–temperature–depth (CTD) 
and Kasten Core (KC) locations, as well as depths sampled in the water column and sediment. Sediment depth intervals are 
provided, however, for simplification we refer to the top depth of this interval in the text hereafter. Chl max, chlorophyll a 
maximum depth.
 aKC14 and CTD05 were not collected at the same site, however, were in proximity of each other (see coordinates and 
Figure 1).
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aged KC02 sediments was applied using the difference between a regional Southern Ocean reservoir age at 
22 ka (Skinner et al., 2019) and the Marine20 global mean reservoir age. For KC06, an age model is not yet fully 
established, with the oldest sediments potentially being from the Holocene or Last Interglacial (see Section 3 and 
Notes 1 and Table S2 in Supporting Information S1).

2.5. sedaDNA Sample Collection

SedaDNA samples were collected using clean procedures (wearing two pairs of gloves, where the top pair was 
changed immediately when contaminated with sediment; limiting movement in a closed-door sampling room to 
create a still-air environment; Armbrecht et al., 2019). Upon KC retrieval and opening, the outer, 0.5 cm of sedi-
ment exposed along the length of the core was removed by scraping in a perpendicular fashion with clean spatulas 
(pretreated with 3% bleach and 70% ethanol), working from the bottom to the top of the core. Plunge  samples were 
collected by pushing sterile (gamma-irradiated) bottomless 15 mL centrifuge tubes (Falcon) into the sediment, 
generating a sample interval of 1.5 cm due to the size of the tube opening (hereafter, we refer to the top depth of 
this interval for simplicity). The tubes were transferred into a sterile plastic bag (WhirlPak), flash-frozen in liquid 
nitrogen (KC02, KC06) or at −80°C (KC14, which was taken later in the voyage when the liquid nitrogen supply 
was depleted). The samples were stored at −80°C until 2018, then at −20°C (the now recommended long-term 
storage temperature; Armbrecht et al., 2019; Capo et al., 2021). Between two and six sedaDNA samples per site 
were analyzed for this study to investigate different sediment types, depths, and locations (Table 1). At site KC06, 
we expected high diatom sedaDNA yield, therefore analyzed a comparatively larger number of samples from this 
core (total of six depths with a duplicate sample of the bottom-most depth).

2.6. Modern DNA Extraction and Sequencing

DNA was extracted from the Sterivex filters using a commercial kit (Power water, QIAGEN) following the 
manufacturer’s recommendation. DNA quality and quantity were assessed using a Nanodrop 2000 Spectropho-
tometer and a picogreen assay (both Thermofisher), respectively. Amplicon sequencing was undertaken for the 
V1–V3 region of the 16S rRNA gene (27f–519r) and V4 region of the 18S rRNA, respectively. PCR amplifi-
cations for both marker genes and libraries preparation using the Nextera XT index kit (Illumina) were carried 
out at the Ramaciotti Centre for Genomics (UNSW, Sydney), as outlined in the Australian Microbiome Marine 
Microbes methods SOP for 16S amplicons (https://data.bioplatforms.com/organization/pages/australian-micro-
biome/methods). The libraries were then sequenced on a MiSeq platform (Illumina), using pair-end sequencing 
for both16S rRNA (300 bp reads) and 18S rRNA (250 bp) amplicons at the Ramaciotti Centre for Genomics.

2.7. Bioinformatic Analysis of Modern DNA in the Water Column

Cutadapt (Martin, 2011) was used to remove the adapters and primers. Adapter free reads were then processed 
with DADA2 (Callahan et al., 2016), following the DADA2 protocol (https://benjjneb.github.io/dada2/tutorial.
html). For each pair of fastq files, we generated quality plots to guide fine-tuning of the data processing. Both 
forward and reverse read ends were trimmed to eliminate bases with a low-quality score, while maintaining 
enough overlap (20 bp) to allow the merging of forward and reverse reads. At this point, DADA2 utilizes the 
learned error rates in base calling to infer the number of error-free unique sequences in each sample (Callahan 
et al., 2016).

Dereplication and inference of sequence variants followed, then reads were merged and again quality checked 
while also removing chimeric reads with DADA2. Only amplicon sequence variants (ASVs) with more than 10 
reads were considered for further analysis.

Taxonomy was assigned using the assignTaxonomy and assignSpecies functions from DADA2. assignTaxonomy 
is based on the naïve Bayesian classifier approach of Wang et al. (2007). Reads were taxonomically identified 
using the SILVA v.132 database (https://www.arb-silva.de/). The latter database was specifically chosen as it 
captures both prokaryotes and eukaryotes (including photosynthetic and nonphotosynthetic organisms) occurring 
in the ocean as well as in the sediments, to allow us to make a first assessment of which organisms’ DNA is 
paleo-deposited and likely of ancient origin (expected to be detectable in both water and sediments). For the 
analysis of the bacterial community based on 16s rRNA sequencing, we removed reads that were classified as 
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chloroplast or mitochondria from each sample. The number of reads for each sample was normalized using the 
CSS normalization implemented in metagenomeSeq (Paulson et al., 2013).

2.8. sedaDNA Extractions and Library Preparations

sedaDNA extractions were undertaken at the specialized ancient DNA facilities of the Australian Centre for 
Ancient DNA (ACAD), The University of Adelaide, Australia. Before entering the lab, the outside of each sample 
bag was decontaminated by wiping with 3% bleach and exposing them to UV light for 5 min. sedaDNA was 
extracted following either the “Si20_20µL” (KC06) or the “combined” (KC02, KC14) protocol described in 
L. Armbrecht et al.  (2020). Both techniques involve bead-beating to lyse cells at the initial step of sedaDNA 
extraction, and DNA binding in silica-solution to retain small DNA fragments. In the “combined” technique, the 
bead-beating is preceded by an additional overnight sediment incubation step in ethylenediaminetetraacetic acid, 
which has been shown to increase the recovery of marine eukaryote sedaDNA (Armbrecht et al., 2020). KC06 
sedaDNA extractions were performed in 2017, before the “combined” protocol had been developed, however, 
due to the marked lithology (diatom-ooze/mats) of KC06, we deemed these samples an important addition to this 
study. To identify potential contaminant DNA, one to two extraction blank controls (EBCs), in which empty tubes 
were treated with the same extraction protocol as the samples (including sequencing), were run alongside each set 
of extractions of KC02, KC06, and KC14 samples (Table 1).

Metagenomic shotgun libraries were also prepared following Armbrecht et al. (2020), with a description provided 
in Notes 2 in Supporting Information S1. This protocol includes the preparation of double-indexed libraries, where 
the libraries undergo a first amplification (with two unique 7 base-pair (bp) barcodes) using IS7/IS8 primers, and 
then a second amplification using IS4 and GAII Indexing Primers (Meyer & Kircher, 2010). In the first ampli-
fication, we used 13 amplification cycles for KC06 and 22 cycles for KC02 and KC14—the latter was adjusted 
based on protocol optimizations from Armbrecht et al. (2020). In the second amplification, we used 13 cycles for 
all samples. The libraries were sequenced on Illumina platforms at the Australian Cancer Research Foundation 
Cancer Genomics Facility & Centre for Cancer Biology (ACRF), Adelaide (KC06: NextSeq 2 × 150 bp), and the 
Garvan Institute for Medical Research, Sydney, Australia (KC02: NextSeq 2 × 75 bp; KC14: HiSeq 2 × 150 bp).

2.9. sedaDNA Data Processing and Analysis

The sequencing data were processed and filtered as previously described (Armbrecht, Eisenhofer, et al., 2021; 
Armbrecht, Hallegraeff, et al., 2021; Armbrecht et al., 2020). Data filtering involved the removal of sequences 
<25 bp (AdapterRemoval v. 2.1.7-foss-2016a; Schubert et al., 2016), and of low complexity (Komplexity soft-
ware, E. L. Clarke et al., 2019) and duplicate reads (“dedupe” tool in BBMap v.37.36), and quality control after 
each step (FastQC v.0.11.4, Babraham Bioinformatics; MultiQC v.1.0.dev0; Ewels et al., 2016). To retain the 
maximum number of reads and largest possible diversity, the data set was processed without standardizing (i.e., 
nonrarefying, Cameron et al., 2021). We used the SILVA SSURef NR 132 database as a reference to build a MALT 
index, and sequences were aligned using MALT (version 0.4.0; semiglobal alignment; Herbig et al., 2016). The 
resulting .blastn files were converted to .rma6 files using the Blast2RMA tool in MEGAN (version 6_18_9; 
Huson et al., 2016). Subtractive filtering (i.e., subtracting reads for species identified in EBCs from samples) was 
conducted separately for each site’s data set (KC02, KC06, and KC14) in MEGAN CE (version 6.21.12).

The filtered read counts per taxon and site were exported for further downstream analysis (nKC02 = 2; nKC06 = 7, 
with read counts of the duplicate KC06 samples at 260 cm below sea floor [cmbsf] averaged; nKC14 = 3), while 
taxa determined in the extraction blanks are listed in Table S8 in Supporting Information S1. First, we exported all 
data at domain level for a first overview of prokaryote and eukaryote contribution and determined relative abun-
dances. Next, we exported bacteria and eukaryote read counts at phylum level; this level was chosen as it provides 
adequate resolution of major eukaryote groups, for example, diatoms, retaria, chlorophytes, and for consistency 
with sedaDNA bacteria data where several groups were not classified below phylum level (data exported on 
order level, where possible, are provided in Supporting Information S1). For Bacteria, the groups “Bacteria” and 
“environmental samples <bacteria, superkingdom Bacteria>” were grouped into one group named “Bacteria.” 
For Eukaryota, taxa that were identified as “incertea sedis” and “environmental sample” were grouped with 
the associated larger group (e.g., “fungi, incertae sedis” was grouped with “Fungi”; “environmental samples 
eukaryotes” was grouped with Eukaryota; and clade “Stramenopiles” was grouped with “Stramenopiles”). Few 
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Archaea reads were identified (see Section 3), and these data are provided with Notes 4, Figure S5, and Table S6 
in Supporting Information S1.

2.10. Data Analysis and Visualization

Data analysis and visualization were performed within R statistical software (R Core Team, 2020) leveraging the 
phyloseq (McMurdie & Holmes, 2013), vegan (Oksanen et al., 2020), tidyverse (Wickham et al., 2019), and pals 
(Wright, 2021) packages. Alpha diversity for the 16 and 18S rRNA was calculated on rarefied data leveraging the 
estimate richness script in phyloseq. A nonparametric Kruskal-Wallis test was then applied to test the significance 
of the difference in alpha diversity. Dissimilarity between samples in the water column was visualized on a multi-
dimensional scaling plot based on a Bray-Curtis dissimilarity matrix of the bacterial and eukaryotic community, 
respectively, calculated within the phyloseq environment and plotted using ggplot.

Prior to constructing taxa plots, some taxa were grouped/renamed to allow for consistency and easier comparison 
between the taxa determined in the water column and sediment samples (see Table S4 in Supporting Information S1).

3. Results
3.1. Seawater Conditions and Variability

Different environmental conditions characterized the water column at the three sites. CTD05 and CTD16 had 
similar surface seawater temperatures (∼1˚C) declining sharply to −1.5˚C at the chl max (Figure 2). The CTD03 
profile has different characteristics, with the surface temperature (−0.2˚C) and the salinity lower than in the two 
other sites, while just below the surface the temperature increased. CTD03 was collected in proximity to melting 
sea ice, which likely explains these differences. A sharp decline in temperature at the chl max is consistent with 
the other two sites (Figure 2). Below 1,000 m, the three sites had comparable physicochemical environmental 
conditions. Silicate and phosphate concentrations at all three sites were lower at the surface (average 57.8 and 
1.94 μM, respectively) and then increased with depth (Table S1 in Supporting Information S1), whereas nitrite 
concentrations were higher at the surface and decreased with depth (Figure 2).

3.2. Sediment Lithology, Age, and Silica Content

The lower part of KC02 (240–100 cmbsf) consists of massive silty clays/clays, with the bottom of the core dating back 
to the last glacial at 21,809 ka BP at 230 cmbsf. Low numbers of foraminifers and dropstones were found throughout 
the core (Figure 3). The lower part of KC14 (345–120 cmbsf) dates back to the last glacial period at 22,823 ka BP 
(330 cmbsf) and consists of bioturbated clay-rich sediments with dropstones, with a distinct laminated interval from 
255 to 235 cmbsf (Figure 3). Glacial sediments in KC02 and KC14 contain trace concentrations of biogenic silica 
(<3% on average) and low Si/Al ratios (average 14.3–14.9 for the bottom 100 cmbsf, respectively), which gradually 
transition to diatom-rich sediments in the Holocene (average biogenic silica 30% and 36%; average Si/Al ratios 26.9–
33.5 for top 100 cmbsf, respectively). Biogenic silica concentrations initially start to increase from ∼100 cmbsf in 
KC02 and ∼150 cmbsf in KC14 after which the sediments are dominated by diatom ooze with silty clay, and a higher 
proportion of sand than observed in the fine clay-rich glacial sediments. In contrast, KC06 is composed primarily 
of diatom ooze and does not record a transition from glacial (mud-rich) to Holocene (silty diatom ooze) conditions 
revealed by the sediment composition at sites in the west. The lower section of KC06 (280–120 cmbsf) is charac-
terized predominantly by diatom ooze (Figure 3), including the presence of diatom mats. The Si/Al ratios in the top 
100 cmbsf of KC06 are comparable to the Holocene Si/Al ratios of the cores in the west but are much higher (average 
70.5) in the bottom 100 cmbsf. The shipboard observations and magnetic susceptibility record (Figure 3) revealed that 
the upper section of KC06 contains a higher proportion of coarser terrigenous components composed of silty to sandy 
clay, compared to the Holocene sections of KC02 and KC14. The high Si/Al ratios observed in the bottom 100 cmbsf 
of KC06 during the period dominated by diatom mat deposition are likely related to low terrigenous inputs and hence 
low Al abundance. Overall KC06 records a switch in environmental conditions from those dominated by diatom 
mats to more typical Holocene-like deposition dominated by clay-rich diatom ooze, as seen at the western core sites.

3.3. Proportion of Reads Assigned to Bacteria and Eukaryota Using Modern DNA in the Water Column

We identified a total of 9,874 ASVs based on the 16S rRNA sequencing across the different samples. Of these, 6,025 
belonged to Bacteria and the rest were assigned to either chloroplast or mitochondria sequences and were therefore 
removed from the data set. A total of 55% of the ASVs could be assigned up to genus level, while the remaining 
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44% could only be classified up to family level. For the eukaryote community, a total of 6,732 ASVs were retrieved 
based on the sequencing of the 18S rRNA. At the class level, 21% of the identified ASVs could not be identified, 
and at genus level, just 32% of the total ASVs could be classified. We observed a trend toward decreasing numbers 
of reads with depth, which was particularly noticeable for diatoms (regression coefficient r = −0.74, p = 0.0074).

3.4. Proportion of Reads Assigned to Bacteria and Eukaryota Using sedaDNA

We retrieved a total of 9,016 assigned reads across all KC samples, which included 7,988 reads assigned to 
Bacteria, 264 to Archaea, and 800 reads assigned to Eukaryota (Figure S1 in Supporting Information S1). In 
relative abundances, Bacteria were the most represented domain (87% on average across all samples, followed 
by Eukaryota (9%), Archaea (3%), and “cellular organisms” (2%; Figure S1 in Supporting Information S1). In 
sample KC06 170 cmbsf, we identified ∼60% Bacteria and ∼40% Eukaryota, however, very few reads (32) were 
retrieved for this sample. No Archaea were identified in three samples at site KC06 (0, 66, and 170 cmbsf; Figure 
S1 in Supporting Information S1). We did not observe any trend in the number of reads recovered from younger 
to older samples as with the water column modern DNA data, however, this might be due to the relatively limited 
number of sedaDNA samples per site (≤6 samples).

Figure 2. Physicochemical profiles of the water column. Note that the y-axis scale has been square root transformed to better visualize the top 100 m (where the bulk 
of the samples were taken). Temperature, salinity, oxygen, and fluorescence were derived from conductivity–temperature–depth (CTD) data while silicate, phosphate, 
and nitrite were derived from hydrochemistry data.
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We identified both prokaryotes and eukaryotes in the EBCs that were processed alongside sedaDNA samples from 
each core. The number of reads per identified contaminant taxon was mostly low (<10 reads per taxon per sample), 
however, the two eukaryote taxa Chromadorea and Thecofilosea were identified with a higher number of reads (22 
and 18, respectively [in one EBC each]). In the KC02 and KC14 EBCs, we identified few contaminant taxa, but both 
included Pseudomonas and Thecofilosea. The taxa composition in the KC06 EBCs was slightly different to KC02 
and KC14, in that more and primarily prokaryote taxa were identified (Table S8 in Supporting Information S1).

3.5. Bacteria in the Water Column (Modern DNA, Phylum Level)

Proteobacteria dominated in relative abundance at each site, followed by Bacteroidetes, Actinobacteria, and 
Planctomycetes. The relative abundance of Proteobacteria was >75% at each site for surface samples, followed 
by Bacteriodetes ∼20% at each site. While the Proteobacteria and Bacteroidetes decreased in relative abundance 

Figure 3. Kasten Core lithology. Lithology of Kasten Cores KC02, KC14, and KC06 and photos of the coarse fraction (>63 𝜇m) at the same/similar depths (cmbsf)
to where sedaDNA samples were taken. For details on magnetic susceptibility (MagSus), Si/Al ratios from scanning X-ray fluorescence, KC02 ages, and diatom 
abundance data, see Tables S2–S3 in Supporting Information S1. Figure adapted and modified based on Figure 49 and Appendix 5 of Armand et al. (2018).
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with water depth, Actinobacteria increased by, on average, 42-fold from the surface to the deepest samples 
at all sites, going from ∼0.05% to ∼5% relative abundance at CTD03 and CTD05, and ∼3% relative abun-
dance at CTD16 (Figure 4). Both Nitrospinae and Planctomycetes were absent in the surface waters, but their 
relative  abundance increased in the bottom water samples. Planctomycetes specifically contributed up to ∼2.5% 
relative abundance of the bacterial community in the bottom waters at CTD03 and CTD05, and 5% relative 
abundance at CTD16. Investigation into diversity patterns showed an overall significant increase in Shannon 
diversity with depth (p < 0.05; Notes 3 and Figure S3 in Supporting Information S1). A multidimensional scaling 
plot analysis at the ASV level revealed that the samples clustered tightly with depth, and more specifically by 
euphotic zone and aphotic zones, with the first axis of the plot explaining 64% of the dissimilarity (Figure S4 in 
Supporting Information S1).

3.6. Bacteria in the Sediments (sedaDNA, Phylum Level)

KC02 and KC14 bacterial taxonomic depth profiles were very similar to each other, while those at KC06 
differed slightly (Figure 4). Bacteria (not further classified; all samples except KC06 170 cmbsf), Bacteroidetes 
(especially sample KC06 170 cmbsf), Proteobacteria (especially at KC02 and KC14), and Planctomycetes and 

Figure 4. Relative abundance of Bacteria identified in the Sabrina Coast water column and sediments. Relative abundance of the water column bacteria (modern DNA) 
was derived from 16S rRNA amplicon sequencing (light blue background). Relative abundance of sediment bacteria (sedaDNA) was derived from shotgun sequencing 
(light brown background). Taxonomic information was extracted at the phylum level, and visualized are taxa with a relative abundance >1% in at least one sample. 
Sample KC06 260 cmbsf displays the average of the duplicate samples at this depth, and note that KC06 read numbers are low (309 reads total). The legend reads 
from top to bottom, then from left to right. For read count data, see publicly available data (Armbrecht & Focardi, 2022, modern DNA) and Table S5 in Supporting 
Information S1 (sedaDNA). Cmbsf, centimeters below seafloor.

 21698961, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JG

007252 by U
niversidad D

e G
ranada, W

iley O
nline L

ibrary on [18/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Biogeosciences

ARMBRECHT ET AL.

10.1029/2022JG007252

12 of 20

Chloroflexi (both at all sites) were particularly abundant. Bacteria that only occurred at KC02 and KC14 (but 
not KC06) included the Candidatus taxa, the Patescibacteria and Microgenomates groups, Fibrobacteres, Fuso-
bacteria, Nitrospirae, PVC group, Chlamydiae, Kiritimatiellaeota, Armatimonadetes, and Tenericutes (Figure 4). 
Bacteria that only occurred at KC06 included Nitrospinae. One sample (KC06 170 cmbsf) differed from all other 
samples in that only Acidobacteria and Bacteroidetes were identified (Figure 4).

There were 16 bacterial phyla that are common to the water column and sediments: Acidobacteria, Bacteroide-
tes, Fibrobacteres, Fusobacteria, Nitrospinae, Nitrospirae, Proteobacteria, Lentisphaerae, Planctomycetes, Verru-
comicrobia, Actinobacteria, Armatimonadetes, Chloroflexi, Cyanobacteria, Firmicutes, and Tenericutes. Eleven 
of these are visualized in Figure 4 (Bacteria), as five were rare (i.e., did not occur with at least 1% relative abun-
dance in any sample: Fibrobacteres, Fusobacteria, Nitrospirae, Armatimonadetes, and Tenericutes).

3.7. Eukaryota in the Water Column (Modern DNA)

Eukaryota showed a much higher diversity at the phylum level compared to bacteria, with 24 phyla identified 
across the three sites. Ochrophyta/diatoms dominated the surface eukaryotic community at CTD03 and CTD05 
(Figure 5), with a relative abundance of 55% and 44%, respectively, followed by Haptophyta (12.5% at CTD03, 
14% at CTD05) and Dinoflagellata (3.5% at CTD03, 14.9% at CTD05). For CTD16, the Ochrophyta/diatoms and 
Dinoflagellata have comparable relative abundance (30% and 32%, respectively) followed by Haptophyta (8.8%). 
At the chl max, the eukaryotic composition was similar at the three sites, with Ochrophyta and Dinoflagellata 
being the most abundant phyla at all three sites, followed by Haptophyta, Chlorophyta, and Ciliophora. For the 
bottom depth samples, the eukaryotic composition was similar at CTD03 and CTD05 but different for CTD16. 
CTD03 and CTD05 had a similar relative abundance of Retaria, Alveolata, and Dinoflagellata, and both sites had 
a low Ochrophyta/diatom signature (relative abundances of 5% at CTD03, 12% at CTD05), while Cnidaria were 
only detected at CTD3. AT CTD16, Cnidaria were highly abundant (83%), followed by Retaria and Alveolata, 
while an Ochrophyta/diatom signature was absent from this site. For exact read count data, see publicly available 
data (Armbrecht & Focardi, 2022).

3.8. Eukaryota in the Sediments (sedaDNA)

A total of 42 eukaryote phyla across all samples and sites were identified in the sedaDNA data (from 792 reads 
in total; Figure 5 and Table S7 in Supporting Information S1). The most abundant phylum was Retaria (Figure 5) 
and more specifically the class Polycystinea (284 reads in total), which were well represented at KC02 (∼40% 
of Eukaryota at both depths) and at KC14 (∼50% and ∼15% of Eukaryota at 210 and 330 cmbsf; Table S7 in 
Supporting Information S1). Other major eukaryotic plankton groups, such as Haptista (including the cocco-
lithophores), Dinophyceae, Foraminifera, and Bacillariophyta (diatoms), were detected in relatively low abun-
dance (<10% of Eukaryota; Figure 5 and Table S7 in Supporting Information S1). As with the signals found for 
Bacteria, the Eukaryota composition was relatively similar at KC02 and KC14, but differed at KC06. Only seven 
taxonomic groups were identified at KC06 (Eukaryota, Ascomycota, Basidiomycota, Bilateria, Chordata, Bacil-
lariophyta, and Streptophyta, <2 reads per sample; except Ascomycota with 12 reads at KC06 170 cmbsf), and 
there were no reads in the two upper-most samples (Figure 5). Read counts per taxon per sample are provided in 
Table S7 in Supporting Information S1.

There were 11 eukaryote taxa that are common to the water column and sediments: Arthropoda, Ascomycota, 
Basidiomycota, Bryozoa, Cercozoa, Ciliophora, Cnidaria, Ctenophora, Ochrophyta/Bacillariophta, Haptista, and 
Retaria.

4. Discussion
Polar environments are important study regions in the context of ongoing climate change, and so are the responses 
of marine microbial communities due to their function as major drivers of the global carbon cycles (Arrigo 
et al., 2008). Despite the increasing number of genomic-based studies conducted around Antarctica (e.g., M. S. 
Brown et al., 2021; Gionfriddo et al., 2016; Lin et al., 2021), knowledge of the taxonomic diversity of Antarc-
tic microbial communities and their distribution throughout the water column, as well as postmortem DNA 
preservation in the underlying sediments, is still in its infancy. In the following, we discuss our findings on the 
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DNA-derived prokaryote and eukaryote composition of both the modern ocean and the underlying sediments in 
the climatically important Sabrina Coast region, East Antarctica.

4.1. Water Column Bacteria

Bacterial communities in the water column were distinctly dominated by Proteobacteria (∼70%). This finding is 
not surprising, given their reported high abundance in all oceans, including polar oceans and in surface as well 
as deep waters (Z. Zhou et al., 2020). Within the Proteobacteria, members of the SAR11 clade were dominant 
in each sample, comprising roughly 50% of the surface communities and declining to ∼13% of the bottom water 
bacterial communities. Members of the SAR11 clade represent the most abundant heterotrophic bacteria in the 
global ocean (M. V. Brown et al., 2012; Delmont et al., 2019; Giovannoni, 2017; Morris et al., 2002). Due to 

Figure 5. Relative abundance of Eukaryota identified in the Sabrina Coast water column and sediments. Relative abundance of the water column eukaryotes (modern 
DNA) was derived from 18S rRNA amplicon sequencing (light blue background). Relative abundance of sediment eukaryotes (sedaDNA) was derived from shotgun 
sequencing (light brown background). Taxonomic information was extracted at the phylum level, and visualized are taxa with a relative abundance >1% in at least one 
sample. Sample KC06 260 cmbsf displays the average of the duplicate samples at this depth, and note that sedaDNA data of KC06 are based on very low read numbers 
(22 reads total). The legend reads from top to bottom, then from left to right. For count data, see publicly available data (Armbrecht & Focardi, 2022, modern DNA) 
and Table S7 in Supporting Information S1 (sedaDNA). Cmbsf, centimeters below seafloor.
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the temperature being linked to ecotype partitioning, SAR11 has been proposed as a potential marker species to 
assess the influx of tropical ecotypes toward the polar region (M. V. Brown et al., 2012; Delmont et al., 2019). 
Here, the cold water adapted SAR11 clade Ia, which is known to be prominent in the Southern Ocean (M. V. 
Brown et al., 2012; Delmont et al., 2019), was the most abundant within the SAR11 clade. SAR11 occurred 
at a lower relative abundance at site CTD03 (46%) compared to the other surface sites (>50%). CTD03 was 
located in the proximity of an iceberg and was strongly influenced by the presence of ice-melting water, result-
ing in a lower surface temperature. Ice-melting has also been linked to the release of trace nutrients such as iron 
(Raiswell et al., 2016) that are considered limiting factors for phytoplankton growth and could potentially favor 
an increase in primary producers and their associated microbiome. Accordingly, this site was also characterized 
by high proportions of members of the Flavobacteriales order. Members of the Flavobacteriales (Bacteriodetes) 
are known to be abundant in the Southern Ocean and especially in euphotic Antarctic water (Wilkins et al., 2013), 
where they play a crucial role in the utilization and remineralization of organic matter produced by phytoplank-
ton (Williams et al., 2013). Hence, they are usually found in association with marine primary producers such 
as diatoms. Phycispherales and Pirurellales (Planctomycetes) are often found in marine anoxic and subsurface 
marine sediment (Inagaki et al., 2006), even though when cultivated they are known to be facultative aerobes. 
Some studies have indicated the possibility that these taxa are able to degrade organic matter derived from algae 
(Cho et al., 2020; Morris et al., 2006) and have hypothesized their ecological role in the remineralization of recal-
citrant organic matter of Phaeocystis origins in the benthic ecosystem.

4.2. Sediment Bacteria

Disentangling ancient (i.e., stemming from dead, and/or paleo-deposited organisms) from actively living DNA 
signals in sediments is a matter of high priority in the paleo-genomics research field and is critical for improving 
the accuracy of paleo-environmental reconstructions (Capo et al., 2022). In this context, bacteria are a particu-
larly challenging group of organisms, since they can survive under extreme conditions, including in deep seafloor 
sediments down to 2.5 km (Imachi et al., 2019; Inagaki et al., 2015).

A total of 11 abundant and 5 rare bacterial phyla that were detected in the water column were also detected in the 
sediments. As with the water column, Proteobacteria were the dominant bacterial phylum in the sediments (∼25% 
on average across all samples) and occurred in all samples except KC06 170 cmbsf. This result is consistent with 
previous studies on Southern Ocean and Antarctic sediments, which found Proteobacteria to be relatively abun-
dant in sediments (Cho et al., 2020; Learman et al., 2016). Therefore, Proteobacteria seem to be able to survive 
in both ocean and sediment environments, with the DNA detected in the sediment record possibly being a mix 
of modern and ancient Proteobacteria DNA. Proteobacteria are often found in diatom-dominated waters (Cho 
et al., 2020; Learman et al., 2016), which may be useful for sedaDNA studies in which diatom sedaDNA is diffi-
cult to extract, as the Proteobacteria signals may be indirectly reflecting past diatom presence. However, more 
research is required to confirm whether the apparent co-occurrence of proteobacteria (or specific proteobacteria 
orders) could be used as a proxy of primary producers’ presence in surface waters and whether these eukaryote–
bacteria associations could be explored as paleo-composition indicators. A similar example is comprised by 
Planctomycetes–Phaeocystis associations in surface waters (Cho et al., 2020).

Bacteroidetes and Actinobacteria were also detected in water and sediments, and as for Proteobacteria, have 
previously been reported to live in Antarctic sediments (M. Y. Zhou et  al., 2013). Therefore, the DNA from 
Bacteroidetes and Actinobacteria in the sediments might also be a mix of modern and ancient DNA, although 
these two phyla were only identified in KC06 170 cmbsf, alongside no other bacteria. The latter might be due 
to different environmental conditions prevailing at the time of paleo-deposition and could indicate that these 
sediments are indeed from a very different time period (in particular, MIS5, which includes MIS5e, a major 
interglacial period; Rohling et al., 2008), however, this is speculative due to uncertainty in the KC06 age model 
and possible biases of the KC06 sedaDNA extraction protocol (see Section 4.5).

It is noticeable that the other 13 bacterial phyla that were present in the water column, but at lower relative abun-
dance, had a more pronounced relative abundance in the sediments (Fibrobacteres, Fusobacteria, Nitrospinae, 
Nitrospirae, Lentisphaerae, Planctomycetes, Verrucomicrobia, Actinobacteria, Armatimonadetes, Chloroflexi, 
Cyanobacteria, Firmicutes, and Tenericutes). It is likely that this pattern is due to the overall much lower yield 
of ancient compared to modern DNA, which, combined with potential differential preservation of the DNA of 
individual species, may have led to the relative abundances being skewed toward the presence of these organisms. 
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Additionally, nuclease activity in the upper sediment layers might impact the long-term preservation of sedaDNA 
(Zimmermann et al., 2021). To shed light on these important DNA preservation-related questions, future studies 
could investigate modern and sedaDNA on a quantitative scale, which unfortunately, due to the differences in the 
approaches to analysis of modern and ancient DNA in this study, was not possible here.

4.3. Water Column Eukaryota

Diatoms (Ochrophyta) dominated from the surface waters down to the chl max depth at all sites, with CTD03 
having the highest abundance of diatoms in the surface waters. The latter might be due to slightly higher nutrient 
concentrations (silicate and phosphate), and a potential higher iron concentration due to being in the vicinity of 
melting-ice (Raiswell et al., 2016; see Section 4.1). Below the chl max, the relative diatom abundances decreased 
considerably. The latter could be a consequence of dissolution, considering that both relative and non-normalized 
abundance of diatom reads decreased with increasing water depth, but also could be due to “dilution” of diatom 
reads with DNA from other organisms, or a combination of both factors. Silicate concentrations increase with 
depth, which further suggests that diatom-dissolution might play a role in this process (less frustules, more sili-
cate at deeper water depths). Dinoflagellates followed a very similar pattern to diatoms, being relatively abundant 
in the surface waters, but less so in deep waters. The same pattern was observed for Haptophytes. These findings 
suggest that much of the DNA that is representative of surface water column phytoplankton at these Southern 
Ocean sites degrades and/or is being consumed while sinking, more so than being degraded after burial.

In a contrary pattern, Retaria were found mostly below the chl max and in deep waters. Retaria include the unicel-
lular predatory Foraminifera and Radiolaria, they are globally distributed and are highly abundant in the Southern 
Ocean south of 45°S, with several classes adapted to thrive from the surface to the deep Ocean (Abelmann & 
Gowing, 1997; Biard, 2022; Boltovskoy, 2017). Retaria play a key role in the carbon export in the global Ocean 
(Guidi et al., 2016) with classes belonging to this phylum often found in sediment traps (Fontanez et al., 2015). 
This might indicate that Radiolaria and/or Foraminifera DNA is transported to deeper depths than other taxa and 
subsequently has a higher chance of becoming preserved in seafloor sediments.

4.4. Sediment Eukaryota

The eukaryote composition in the sediments was quite different from the water column composition at all sites. 
Little diatom, dinoflagellate, and haptophyte sedaDNA was detected, thus, considering the strong decrease 
of modern DNA of these phytoplankton groups with increasing water depth, it seems likely that very little of 
their DNA reaches the seafloor to become preserved in sediments in the Sabrina Coast region. The few diatom 
sequences detected in sedaDNA (13 in total) were assigned at a relatively high taxonomic level, that is, Bacillari-
ophyta, Mediophyceae (which include the genus Chaetoceros), while two reads were identified at slightly higher 
taxonomic resolution (Proboscia, 1 read, and Biddulphiophycidae, 1 read; both in KC14 210 cmbsf). Microscopy 
data from the same samples, however, showed a high relative abundance of Fragilariopsis kerguelensis in all 
three cores, and, to a lesser degree, Rhizosolenia spp. and Chaetoceros subg. Hyalochaete, amongst a few other, 
rarer species (Table S3 in Supporting Information S1). Therefore, there appears to be a disconnect in our study 
area between diatom frustules and diatom DNA sinking through the water column to the seafloor and becoming 
preserved there. Diatom DNA seems to degrade while sinking, and it is possible that traces of intact sedaDNA 
might be linked to diatom DNA and frustules being exported via fecal pellets, in which they are more protected 
from dissolution and remineralization.

Polycystinea were the most abundant eukaryote group detected by sedaDNA, especially at depths below 
210 cmbsf at KC02 and KC14. Polycystinea are a group of Radiolarians, and as water column data showed, 
their DNA contributes a relatively high proportion to the bottom water communities, which, due to the prox-
imity to the seafloor, might promote their good preservation in the underlying sediments. It appears obvious 
that degradation of DNA with increasing water depth is a major driver of what DNA becomes preserved in the 
sediments (especially, for surface-dwelling organisms in a deep water column) and ultimately will impact on 
the paleo-environmental reconstructions. Here, the dominant radiolarian group detected were Collodaria, espe-
cially Collophidium, which do not have siliceous skeletons, explaining why they are not observed in the fossil 
record (Ishitani et al., 2012). Previously, Pernice et al.  (2016) determined Collodaria as a dominant group in 
the deep ocean (using water samples from the Atlantic, Pacific, and Indian Ocean collected between 3,000 and 
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4,000 m depth), again, reinforcing that proximity of water column organisms to the seafloor plays a role in their 
representation in the sedaDNA record. Collodaria are colonial, and radiolarian colonies have been shown to have 
exceptionally high SSU gene copy numbers (37,474 ± 17,799 per colonial cell; Biard, 2022) compared to a few 
hundred in diatoms (Godhe et al., 2008), which may bias SSU-based abundance data toward colonial radiolaria. 
Collodaria nourish through photosynthetic endosymbionts, which provides a conundrum as these would not be 
able to survive in the ice-covered environment experienced during the last glacial maximum at our sites on the 
Sabrina Coast (when Collodaria reads were found). It is possible that the Collodaria reads were misassigned, 
which we tested by reblasting against the NCBI database, providing best hits for “uncultured marine eukary-
otes” (i.e., the true identity of our sequences is not [yet] known), as well as for Collodaria (i.e., an identity that 
is very similar to this group). It is also possible that we detected a trace amount of Collodaria from the previous 
interglacial signal in the glacial sediments, which had above-zero biogenic silica concentrations, coinciding with 
extinct and robust diatom species (Holder et al., 2020; Leventer, 2022; Table S3 in Supporting Information S1). 
Unfortunately, we only have one interglacial sample for comparison (KC14; 40 cmbsf), and clearly, more research 
is required over multiple glacial–interglacial cycles to determine abundance patterns of Collodaria through time. 
A final hypothesis is that these might be unknown deep-sea Collodaria populations whose ecology is different 
from surface collodarians (Pernice et al., 2016).

Basidiomycota and Ascomycota were detected, especially at KC06, and also occurred in the water column, 
suggesting they may survive in both environments. Careful interpretation is required, however, as especially 
fungi have been linked to contamination in sedaDNA from deep seafloor archive samples stored over many years 
prior to analyses (Selway et al., 2022), although our samples were freshly collected, thus the latter possibility 
seems unlikely.

4.5. Limitations of the Study

KC02 and KC14 were collected at a water depth of ∼2,100  m at the crest of ridges adjacent to underwater 
canyons, while KC06 was collected ∼1,200 m deeper on the floor of a canyon (at 3,320 m water depth). Radi-
ocarbon dates combined with lithological observations and diatom abundance data indicate that while KC02 
and KC14 had the characteristic clay-rich last glacial maximum and deglacial sediments, and Holocene diatom 
oozes, KC06 was composed primarily of diatom ooze throughout the entire core (Armand et al., 2018). Due to 
this difference in sedimentology, we expected a high diatom sedaDNA yield at site KC06. However, this was 
not the case, and in fact nearly no diatom sedaDNA was recovered here (1 read). KC06 sedaDNA was extracted 
prior  to sedaDNA extraction optimization protocols being established that maximize eukaryote sedaDNA yield 
and diversity (Armbrecht et al., 2020). It is likely that suboptimal extraction techniques, and a lower cycle number 
in the first library amplification, may have influenced the very limited sedaDNA yield for KC06 samples, espe-
cially for eukaryotes (total of 22 eukaryote reads). The optimized technique applied to KC02 and KC14 differs 
from the older protocol in that sediment samples are first incubated in ethylenediaminetetraacetic acid prior to 
mechanical extraction of DNA by bead-beating, which has been shown to increase the yield of extracellular, 
eukaryote DNA in sediments (Slon et al., 2017). However, bacterial sedaDNA is also well resolved when using 
this new protocol (Armbrecht et al., 2020). As both eukaryote and prokaryote sedaDNA yield was low in KC06, 
likely due to the above-mentioned protocol bias, the limited sedaDNA data from KC06 should be interpreted with 
caution. More research on this core (or similarly diatom-rich sediment cores) is required to determine whether 
new, more optimized extraction protocols can increase sedaDNA yield from diatom-rich cores, or whether the 
high silica content of the sediments could play a role in inhibiting sedaDNA extraction efficiency (due to the high 
binding-capacity of silica, as has been suggested previously, Armbrecht, 2020).

5. Conclusions and Future Outlook
We report the first bacterial and eukaryote taxonomic profiles from surface water to deep ocean to sediments 
in the Totten Glacier region of Antarctica. Our results show that the genetic signals change considerably from 
surface to deep waters and into the sediments, with only fractions of major planktonic groups that thrive in 
surface waters still being detectable in bottom waters and sediments (e.g., diatoms), while others that are well 
represented in deeper waters appear to have a higher likelihood of becoming preserved in the sediments (e.g., 
radiolarians, in particular, collodaria). We suspect two explanations for these patterns, including (a) dissolution 
and degradation of DNA through the water column, so that little DNA arrives at the seafloor, and (b) different 
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SSU gene copy numbers per cell, where organisms that have higher copy numbers per cell are more likely to be 
detected in samples characterized by low biomass (e.g., radiolarians over diatoms in deep waters and sediments).

We suggest the following research avenues to provide more clarity on these points in the future: (a) undertake a 
high-resolution study of the genetic signals detectable across the water–sediment interface to investigate change 
points in taxonomic profiles with depth; (b) analyze the entire genetic makeup of the bacterial and eukaryote 
communities, for example, by using a larger database (such as the NCBI database) rather than only one gene 
(here, the SSU database), which might help to retrieve better taxonomic signatures that are less well represented 
in the SSU database; (c) explore co-occurrence and symbiotic relationships of prokaryotes and eukaryotes in 
further detail to identify whether certain prokaryote taxa could be used as proxies for eukaryote DNA that are 
rare, and/or difficult to detect or extract. While overall trends in current and past composition can be inferred 
from modern and sedaDNA, these fine-scale biases and interactions will be important to consider and improve in 
future studies, especially when using sedaDNA as a proxy for paleo-environmental reconstructions.
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