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1 | INTRODUCTION

Ancient DNA (aDNA) encompasses nonmodern genetic material
(i.e., from dead organisms), which is typically highly fragmented
and damaged (Shapiro & Hofreiter, 2012). Analyses of aDNA in
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Abstract

Marine sedimentary ancient DNA (sedaDNA) provides a powerful means to recon-
struct marine palaeo-communities across the food web. However, currently there
are few optimized sedaDNA extraction protocols available to maximize the yield of
small DNA fragments typical of ancient DNA (aDNA) across a broad diversity of eu-
karyotes. We compared seven combinations of sedaDNA extraction treatments and
sequencing library preparations using marine sediments collected at a water depth of
104 m off Maria Island, Tasmania, in 2018. These seven methods contrasted frozen
versus refrigerated sediment, bead-beating induced cell lysis versus ethylenediami-
netetraacetic acid (EDTA) incubation, DNA binding in silica spin columns versus in
silica-solution, diluted versus undiluted DNA in shotgun library preparations to test
potential inhibition issues during amplification steps, and size-selection of low molec-
ular-weight (LMW) DNA to increase the extraction efficiency of sedaDNA. Maximum
efficiency was obtained from frozen sediments subjected to a combination of EDTA
incubation and bead-beating, DNA binding in silica-solution, and undiluted DNA in
shotgun libraries, across 45 marine eukaryotic taxa. We present an optimized extrac-
tion protocol integrating these steps, with an optional post-library LMW size-selec-
tion step to retain DNA fragments of <500 base pairs. We also describe a stringent
bioinformatic filtering approach for metagenomic data and provide a comprehensive
list of contaminants as a reference for future sedaDNA studies. The new extraction
and data-processing protocol should improve quantitative paleo-monitoring of eu-
karyotes from marine sediments, as well as other studies relying on the detection of
highly fragmented and degraded eukaryote DNA in sediments.

KEYWORDS
ancient DNA, diatoms, dinoflagellates, haptophytes, Maria Island, metagenomics, plankton,
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marine sediments have become increasingly common (e.g., Coolen
et al., 2006; Hou et al., 2014; More et al., 2018; Shaw, Weyrich,
Hallegraeff, & Cooper, 2019). The increased interest in marine
sedimentary ancient DNA (sedaDNA) has been stimulated by

improved capacity for contamination control during shipboard
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sediment core sampling, the possibility of processing samples
at ultraclean aDNA facilities, and advances in high-throughput
sequencing technologies and bioinformatic tools (Armbrecht
et al., 2019). SedaDNA applications are appealing because they
require (a) less than a gram of sediment to reconstruct marine pa-
laeo-communities and food webs facilitating efficient sampling,
transport and storage; (b) short processing times for multiple sam-
ples; and (c) have broad taxonomic coverage including nonfossiliz-
ing organisms such as soft-bodied species within Foraminifera and
Radiolaria (Lejzerowicz et al., 2013; Morard et al., 2017). Overall,
sedaDNA approaches hold great potential for improving knowl-
edge of past marine communities and their responses to climate
over much longer time scales than possible through ongoing long-
term biological monitoring programmes.

To date, a variety of methods have been used to isolate sedaDNA
from marine sediments (Armbrecht et al., 2019). While a standard-
ized method for direct interstudy comparisons would be ideal, pro-
tocols often need to be adjusted depending on sediment types or
target organisms. Most extraction protocols utilize commercial kits
with slight modifications tailored to specific study objectives and
taxa (Armbrecht et al., 2019). The DNeasy Soil Kits (Qiagen) have
been shown to yield abundant and high-quality sedaDNA from
both prokaryotes and eukaryotes in marine sediments (e.g., Coolen
et al., 2013; De Schepper et al., 2019; Epp et al., 2019; More et al.,
2018; Orsi et al., 2017; Shaw et al., 2019). Such commercial kits
enable rapid sample processing of the multiple marine sedaDNA
samples needed to assemble high-resolution palaeo-community
data. However, the kits commonly rely on DNA-binding steps using
silica spin columns, which have been reported to result in DNA
losses, probably due to competitive column-binding of organic mat-
ter (Lloyd, MacGregor, & Teske, 2010), and also selectively retain
high molecular-weight (HMW) DNA fragments (Rohland, Glocke,
Aximu-Petri, & Meyer, 2018). Such biases can dramatically impact
the resolution of marine sedaDNA studies, where the amount of
aDNA per sample is invariably low. To overcome this issue, aDNA
studies commonly use silica-solutions rather than spin columns in
the DNA-binding step (Brotherton et al., 2013; Frisia et al., 2017;
Weyrich et al., 2017). Most protocols typically involve mechanical
force (bead-beating) to isolate DNA as the first step in the extraction
process (Armbrecht et al., 2019), whereas gentler chemical proto-
cols (such as sample incubation in ethylenediaminetetraacetic acid,
EDTA) have also been successfully applied to isolate eukaryote se-
daDNA (Slon et al., 2017). However, so far neither the silica-solution
nor the EDTA-based approaches have been assessed for marine sed-
iments, nor have they been tested for taxonomic eukaryote cover-
age from sedaDNA preserved in the seafloor.

Due to their sensitivity to changes in environmental conditions
and high turnover rates (when alive), planktonic organisms are com-
monly used as environmental indicators in marine sedaDNA research
(e.g., Coolen et al., 2013; More et al., 2018, De Schepper et al., 2019).
Nonetheless, phyto- and zooplankton, and their predators, exhibit
highly diverse morphologies and cell-wall compositions, resulting in

low taxonomic coverage from standard DNA extraction protocols. For

example, three of the major phytoplanktonic groups (diatoms, dino-
flagellates, coccolithophores) differ considerably in their outer pro-
tective layer; diatoms are armoured by robust silica shells (frustules),
dinoflagellates are encapsulated in either cellulose plates (thecate
dinoflagellates), enveloped in membranaceous pellicles (athecate di-
noflagellates), or enclosed in tough sporopollenin-like resting stages
(cysts), whereas coccolithophore cell walls are covered by calcium car-
bonate plates (coccoliths). Common phytoplankton predators (crusta-
ceans, cnidarians, molluscs) also feature an assortment of exoskeletons
and surface materials including chitin, gelatine and calcium carbonate
(Hamm et al., 2003; Krampitz, Drolshagen, Hiusle, & Hof-Irmscher,
1983; Netzel & Duerr, 1984; Neugebauer, Bykowski, Neugebauer, &
Zjednoczenia, 1986; Sarras et al., 1991). Thus, efficient cell-lysis, the
initial step of sedaDNA extractions, is challenging for such variable ma-
terials, and the effectiveness of protocols remains untested.

Advances in next-generation sequencing techniques (mas-
sively parallel DNA amplification and sequencing) and metage-
nomics (analysis of total DNA from samples) allow assessments of
DNA proportional to its presence in any given sample, with highly
quantitative potential (Nayfach & Pollard, 2016; Taberlet, Coissac,
Pompanon, Brochmann, & Willerslev, 2012). Due to the low abun-
dance of eukaryote sedaDNA in marine sediments, many previous
studies have applied metabarcoding approaches popular in modern
marine genomics, i.e., where specific taxonomically informative gene
regions are amplified using the polymerase chain reaction (PCR;
Taberlet et al., 2012). Metabarcoding and PCR have several caveats
in aDNA research, e.g., even trace amounts of modern DNA (from
reagents, laboratories or living cells) will preferentially amplify over
short degraded aDNA, thus contaminating the ancient signal (Salter
et al., 2014; Ziesemer et al., 2015); length variations in metabarcod-
ing regions can skew taxonomic profiles in ancient DNA (Ziesemer
et al., 2015); coextracted impurities (such as humic substances, pig-
ments, heavy metals) frequently inhibit PCR (Webster, Newberry,
Fry, & Weightman, 2003); PCRs with low amounts of template DNA
are prone to bias due to stochastic amplification effects occurring in
the first few PCR cycles (Wagner et al., 1994; Webster et al., 2003).
Additionally, key barcoding targets such as the ribosomal RNA
gene can vary greatly in copy number between taxa, causing a
taxonomically biased representation of community structure (e.g.,
Klappenbach, Saxman, Cole, & Schmidt, 2001; Wang et al., 2017).
Alongside a rarity of metagenomic studies to investigate sedaDNA,
no standard bioinformatic pipeline currently exists that permits ade-
quate quality control and DNA fragment-size and/or damage analy-
ses to authenticate relative abundance data.

In this study, we applied seven different sedaDNA extraction
and library-preparation methods to marine sediment core samples
collected off Maria Island, Tasmania, Australia. Our overarching goal
was to design a laboratory protocol and quality-control bioinfor-
matic pipeline that would (a) maximize total sedaDNA yield; (b) retain
short (<500 bp) sedaDNA fragments, crucial for ancient-sediment
research; and (c) capture the broadest eukaryote diversity possi-
ble. We used a shotgun sequencing approach to enable a quantita-

tive statistical analysis of eukaryote DNA abundance and diversity,
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providing a benchmark for the use of metagenomics in marine se-
daDNA research.

2 | MATERIALS AND METHODS
2.1 | Sampling and sample details

We collected an eleven cm long seabed sediment core using a KC

Denmark multicorer at a water depth of 104 m off Maria Island,

Sediment
core

Tasmania (148.240E; 42.845S) during the RV Investigator voyage
IN2018_T02 (20 May 2018). The core was immediately stored at 10°C
in the dark for 6 weeks, then sliced into 1-1.5 cm sections in a separate
non-DNA laboratory at the Institute for Marine and Antarctic Studies
(IMAS), Hobart, Tasmania, Australia. For this study we used three of
these core sections (top = 0-1.5 cm, middle = 5-6 cm, bottom = 8.5-
10 cm, Figure 1). To minimize contamination, we wiped working
benches and washed cutting knives with ethanol, wore new gloves
for the cutting of each core section, and removed the outer periph-

eral 2 cm layer of each of the latter. The core sections (refrigerated)
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FIGURE 1 Schematic overview of the seven extraction and library preparation techniques for marine sedaDNA. Subsamples were taken
from the centre of three core sections (s, surface; m, middle; b, bottom) split and stored at 4°C and -20°C. Refrigerated material was utilised
for the Kit, EDTA and Si4 treatments, frozen material for the Si20, Si20_20, Si_s and Com treatments. Either 2 or 20 pl template DNA was
used as library input. Size-selection was performed on Si_s and Com. Extraction blank controls (EBCs) are indicated as empty tubes, one EBC

was shared between Si4 and Si20
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were hand-carried to the Australian Centre for Ancient DNA (ACAD),
Adelaide, in July 2018. The age of the oldest section (8.5-10 cm) was
estimated at ~150 years (Pb%1° data, not shown), which enabled our
protocols to be tested on marine-sourced sediments expected to con-

tain relatively large amounts of sedaDNA.

2.2 | DNA extractions
2.2.1 | Sediment processing and pretreatment

Core section processing, sedaDNA extractions and sequencing
library preparations took place at ACAD's ultraclean forensic fa-
cilities following aDNA decontamination standards (Willerslev &
Cooper, 2005). We placed the three sediment core sections into
zip-lock bags sterilised with UV light and manually homogenized
them for ~5 min. From each section, two 1 cm® subsamples were
transferred into two separate 15 ml centrifuge tubes using a sterile
disposable spatula. One subsample was kept at 4°C and the other at
-20°C for one month. The samples were prepared for the different
extraction methods in a glove box decontaminated (3% bleach) be-
tween consecutive subsamples. The different sedaDNA extraction
and sequencing library preparation techniques are detailed below
and schematically shown in Figure 1. The final steps of the sequenc-
ing library preparations (post IS7/IS8 amplification; see Section
2.3.1) were undertaken at ACAD molecular laboratories physically
distant from the forensics facilities above.

2.2.2 | Bead-beating + spin column (DNeasy
PowerlLyzer PowerSoil Kit, Qiagen; “Kit”)

We applied this technique to 0.25 g of the three sediment subsamples
stored at 4°C, guided by the manufacturer's protocol with the fol-
lowing specifications. After transferring the sediment into individual
bead-tubes using a disposable, sterile spatula, bead-beating was ap-
plied in three runs of 20 s with 5 s breaks using a Precellys 24 homog-
enizer (Bertin Instruments, France), followed by centrifugation (3 min,
10,319 rpm). We retained the optional 5 min incubation steps at 4°C
as per the kit's protocol. For consistency in subsequent extractions,
DNA was eluted in 80 ul of Buffer EB (Qiagen), instead of the custom-
ary Cé solution, and ultimately frozen at -20°C. To monitor laboratory
contamination, we used extraction blank controls (EBCs) by treating
one empty bead-tube with the same protocol. Consequently, the Kit

method provided a total of four extracts (Figure 1).

2.2.3 | Bead-beating + liquid silica in QG Buffer
(“Si4” and “Si20”)

We applied this lysis process to 0.25 g of the subsamples stored
at both 4°C and -20°C (i.e., six extracts). We followed the same

protocol as described in Section 2.2.2 down to step 10 of the
manufacturer's instructions (addition of solution C3 and cen-
trifugation). After this step, we transferred the supernatant into
15 ml centrifuge tubes containing a DNA-binding buffer consist-
ing of 100 ul silica-solution (Sigma Aldrich), 3 ml modified Buffer
QG (2.7 ml Buffer QG Qiagen, 46 pl H,0, 39.08 ul Triton X-100,
and 24.66 mM NaCl, 164.5 mM NaOAc (Brotherton et al., 2013).
After stirring on a rotary mixer (1 hr, room temperature), and cen-
trifugation (5 min, 4,500 rpm), the supernatant was removed and
the pellet resuspended in 900 pl DNA-binding buffer. We recentri-
fuged (1 min, 14,000 rpm), removed the supernatant, and washed
the pellet twice in 80% EtOH before drying (15 min, 37°C) and
resuspended it in 80 ul Buffer EB (Qiagen). Following incubation
(10 min, 50°C), we centrifuged (1 min, 14,000 rpm) and stored the
supernatant (free of silica) in a sterile Lo-bind tube (Eppendorf) at
-20°C. We included one EBC, resulting in a total of seven extracts

(Figure 1).

2.2.4 | EDTA + MinElute (“EDTA”)

We applied this technique to 0.25 g of the three sediment subsam-
ples stored at 4°C following Slon et al. (2017) with minor modi-
fications. Briefly, we added 1 ml of ethylenediaminetetraacetic
acid (EDTA) to the sediment in a 2 ml screw-cap tube and placed
it on a rotary mixer (~25 rpm, room temperature) overnight. After
centrifuging (3 min, 13,000 rpm), we purified the DNA using the
MinElute kit (Qiagen) as per the manufacturer's instructions. After
DNA binding using the kit's spin column, we eluted the DNA in
80 ul of Buffer EB. We also included one EBC, making four ex-
tracts in total (Figure 1).

2.2.5 | EDTA + bead-beating + liquid silica in QG
Buffer (“Combined”, or “Com”)

In addition to the established DNA extraction techniques de-
scribed in Sections 2.2.2-2.2.4, we applied a new technique which
combined all those methods. Thus, we first incubated 0.25 g of
the three frozen sediment subsamples in EDTA overnight as in
Section 2.2.4, except that only 0.75 ml EDTA was used to keep
volumes consistent with a subsequent step (see below). After cen-
trifugation (3 min, 13,000 rpm), the supernatant was kept at 4°C,
and the pellet was processed separately using bead-beating and
DNA purification as in Section 2.2.3 (see Figure 1). The result-
ing 0.75 ml DNA-solution purified from the pellet (step 10 of the
DNeasy kit protocol) was then recombined with the 0.75 m| EDTA
supernatant (making 1.5 ml in total) and added to 6 ml modified
QG buffer with 100 ul liquid silica, before proceeding as de-
scribed in Section 2.2.3. We ultimately eluted the DNA in 100 pl
Buffer EB (Qiagen). This method generated four extracts (three

sediment extracts and one EBC).
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2.3 | Shotgun sequencing library preparation

2.3.1 | Libraries from DNA extracts using the Kit, Si
(Si4 and Si20), and EDTA techniques

Libraries containing 2 ul input DNA (“Si4”, “Si20”)

We prepared libraries from all DNA extracts (i.e., a total of 15) after
Weyrich et al. (2017) with the following modifications. A 2 ul aliquot
of DNA was repaired (15 min, 25°C) in a 40 pl reaction using T4 DNA
polymerase (New England Biolabs). After purifying the DNA (MinElute
Reaction Cleanup Kit, Qiagen), a ligation step followed (T4 DNA ligase,
Fermentas) in which truncated lllumina-adapter sequences containing
two unique five base-pair (bp) barcodes were attached to the double-
stranded DNA (60 min, 22°C; Meyer & Kircher, 2010). An additional
DNA purification (MinElute Reaction Cleanup Kit, Qiagen) step was
performed, followed by a fill-in reaction with adapter sequences (Bst
DNA polymerase, New England Biolabs; 30 min, 37°C, with polymer-
ase deactivation for 10 min, 80°C). We then used 3 pl of the reaction-
product as input for a 25 ul PCR (eight replicates per extract) with the
primers I1S7 and 1S8 (Meyer & Kircher, 2010). Each PCR reaction in-
cluded 14.2 nuclease-free H,0O, 2.5 ul 10x Gold Buffer, 2.5 ul 25 mM
MgCl,, 0.25 pl 25 mM dNTPs, 1.25 157, 1.25 IS8, and 0.1 pl AmpliTag
Gold Polymerase (Applied Biosystems). Thermal cycling specifications
were as follows: 6 min at 94°C, 13 cycles of 30 s denaturation at 94°C,
30 s annealing at 60°C, 40 s extension at 72°C, and 10 min of final
extension. We purified PCR products using AxyPrep magnetic beads
(Axygen Biosciences; 1:1.8 library:beads) and eluted the DNA in Buffer
EB (Qiagen) with 0.05% Tween 20 (Sigma Aldrich).

Libraries containing 20 ul input DNA (“Si20_20")

In order to test whether relatively low or high amounts of input DNA
affected library quality and sequencing results (particularly, whether
PCR inhibition might become problematic, or whether larger DNA
input volumes would benefit sequencing), we prepared four addi-
tional libraries based on the DNA extracts derived from the Si20 ex-
traction (three sediment extracts and one EBC; see Section 2.2.3).
For these libraries we used 10x DNA input, totalling 20 ul per sam-
ple, then followed Section 2.3.1.1 (Figure 1).

Libraries containing 20 ul input DNA and small DNA fragments
only (“Si_s”)
To target relatively small DNA fragments typical of aDNA, we per-
formed a ‘reverse AxyPrep’ DNA purification post-library prepa-
ration. For this, we prepared four additional libraries as described
in Section 2.3.1.2, except that we added AxyPrep beads in a ratio
1:0.4 library:beads in the first clean-up step (aiming to retain frag-
ments <500 bp). After 15 min of incubation and 15 min on a mag-
netic rack to separate beads from the supernatant, we transferred
the supernatant into a new sterile 1.7 ml tube. AxyPrep beads were
added in a ratio 1:1.2 library:beads. Following two washes with 80%
EtOH, we eluted the DNA in 30 ul Buffer EB with 0.05% Tween 20.
Alllibraries prepared in Sections 2.3.1.1-2.3.1.3 (23 in total) were
quantified using the Qubit dsDNA HS Assay (Molecular Probes).

RESOURCES

Based on the Qubit results, we designed a sequencing pool contain-
ing 4 ng of DNA per library. As the EBCs contained only traces of
DNA, we also prepared a second sequencing pool with 10 ul per
EBC library. We then ran a PCR on these two sequencing pools (eight
replicates with 25 ul reactions each) following Section 2.3.1, except
that we used Indexing Primer 1S4 and the GAll index 1 (Meyer &
Kircher, 2010) and 13 cycles. Post-PCR quantifications of both pools
were conducted using Qubit and merged into a third sequencing
pool. To avoid over-diluting the latter sequencing pool, we used 4 ng
DNA from pool 1 and 0.4 ng DNA from pool 2. The DNA quality
and quantity of the third sequencing pool was assessed through
TapeStation (Agilent Technologies). AxyPrep clean-up (at a ratio of
1:1.1 library:beads) and TapeStation checks were repeated twice to
generate a high-quality sequencing pool (i.e., a minimal amount of
primer-dimer, DNA concentration = 6.36 ng/ul). We submitted the
final pool to the Australian Cancer Research Foundation Cancer
Genomics Facility & Centre for Cancer Biology, Adelaide, Australia

(hereafter ACRF) for lllumina NextSeq sequencing (2 x 75 bp cycle).

2.3.2 | Libraries prepared from DNA extracts
using the Combined (“Com”) technique

We prepared four libraries as described in Section 2.3.1.2 down to
the step of first post-PCR AxyPrep clean-up and Qubit quantification.
Due to the low number of libraries, and to avoid over-diluting the final
sequencing pool, we combined the four libraries to achieve a concen-
tration of 4 ng/ul per sediment-derived library and a concentration of
0.4 ng ul for the EBC. We then ran GAll indexing PCR (Index 8), two
TapeStation checks and one AxyPrep clean-up as in Section 2.3.1.1.
Aiming to retain only the smallest DNA fragments (<500 bp) from the
full content of DNA detected by TapeStation, we added two rounds
of the AxyBeads purification as in Section 2.3.1.3, with an initial
library:beads ratio of 1:0.4 in round 1 and 1:0.6 in round 2 (Urich, Nery,
Lister, Schmitz, & Ecker, 2015). As HMW DNA appeared to persist, we
prepared a 1:10 dilution of the pool and repeated the AxyBeads size-
selection one more time with an initial library:beads ratio of 1:0.6. We
submitted the final pool (nondetectable primer-dimer, DNA concen-
tration between 147 and 347 bp = 1.48 ng/ul) to ACRF for lllumina
NextSeq sequencing (2 x 75 bp cycle).

2.4 | Data analyses
2.4.1 | Sequencing data

We ran a FastQC quality control analysis on the raw sequencing
reads followed by demultiplexing and adapter trimming using Abap-
TERREMOVAL V. 2.1.7-foss-2016a software (--adapterlist -barcodelist;
Schubert, Lindgreen, & Orlando, 2016). Specifications included re-
moval of consecutive stretches of low-quality bp and N’s (--trim-
qualities --trimns) and allowing for a barcode mismatch of 1 bp

(--barcode-mm), discarding reads < 25 bp (--minlength) and merging
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them (--collapse) into.gz output files. We removed low-complexity
sequences using the software Komplexity (--threshold 0.55; Clarke
etal., 2019) and duplicated sequences using the dedupe tool in BBmMAP
version 37.36. rastqc (version 0.11.5-Java-1.8.0_101; Babraham
Bioinformatics) and muttiqc (version 1.0.devO; Ewels, Magnusson,
Lundin, & Kéller, 2016) were run on all merged reads before and after
filtering low-complexity sequences, and after deduplication. We
used SILVA 132 SSURef NR99 (Quast et al., 2012) as the reference
database to build a MALT index and aligned our sequences using
MALT (semiglobal alignment; Herbig et al., 2016). The SILVA SSU da-
tabase was chosen due to the extensive use of the 18S gene in the
marine eukaryote taxonomy literature (e.g., De Vargas et al., 2015;
Brown et al., 2018). The resulting .blastn files were converted to .
rmaé format using the Blast2RMA tool in Mecané (version 6_15_1;
Huson et al., 2016) with the default settings except for a minimum
support percent of zero (“off”; as we expected a low number of reads
to be assigned to eukaryotes), a minimum bit score of 50, an E-value
of 0.01, and a minimum percent identity of 95%. We avoided sub-
sampling (rarefying) our data to retain maximum numbers of reads
throughout the complete data-processing procedure and instead
used relative abundances as a means of normalization before down-
stream statistical analyses. Our complete bioinformatic pipeline is
further detailed in the Appendices S1-Sé6.

2.4.2 | MEGANS® analysis and subtractive filtering

To visualize taxonomic classifications, we imported rmaé-files into
MEGAN6 Community Edition (Huson et al., 2016) using the “compare”
function including absolute read counts and ignoring unassigned reads.
First, we only considered EBCs ranked by species in order to deter-
mine contaminant taxa (detailed in Table S1). After selecting all spe-
cies present in EBCs, we subtracted these from our sediment-derived
samples by applying the invert function in MEGANG (hereafter, the
term “samples” refers to sediment-derived data post EBC subtraction).
Next, the assigned reads were ranked by phylum, whereas we col-
lapsed nodes of nontarget taxa comprising bacteria, archaea and fungi.
We exported the assigned reads (counts) and converted them to rela-
tive abundances for downstream analyses. We combined MEGAN6-
classified “Environmental sample Stramenopiles" and "unclassified
Stramenopiles" into “Other Stramenopiles”. Unassigned sequences
were not considered in the statistical analysis.

2.4.3 | DNA fragment-size analysis

We used DNA fragment length as an indication of which treatment
maximized the yield of aDNA, with shorter fragments more likely
to represent authentic sedaDNA. We downloaded the sequence
size-frequency report from our MultiQC output (collapsed, filtered
and de-duplicated reads; Ewels et al., 2016), generating the number
of sequences occurring in intervals of 5 bp from 27 to 122 bp and

3 bp from 122 to 125 bp per treatment. We assessed variation in

log-transformed abundances of 21 read-length classes across sam-
ples and treatments using covariance-based principal component
analysis (PCA,; Jolliffe, 2002).

2.4.4 | Comparison of read numbers among
taxa and treatments

We considered seven different “extraction treatments”, namely
Si4, Si20, Si20_20, Si_s, Com, EDTA and Kit (see Sections 2.3.1.
and Figure 1). We used a stacked approach of global and pairwise
comparisons to test (i) which of the four silica treatments (Si4,
Si20, Si20_20, Si_s) performed best, i.e., maximising reads across
a wide variety of eukaryotes (see Section 2.4.5), enabling us to se-
lect a ‘best’ silica treatment for (ii); and (ii) which of the different
extraction treatments (“best” silica treatment, EDTA, Kit and Com)
performed best. In both (i) and (ii) the “best” performing extrac-
tion treatments were determined using the weighting procedure
described below.

For each taxon separately, we contrasted two linear models
whether the number of reads (count) (i) varied (treatment model:
count ~treat) or (ii) not (null model: count ~ 1) according to treat-
ment (treat), with treat being a categorical variable coding for each
of the four treatments. We ranked model support through the
Akaike's Information Criterion adjusted to finite sample size, AIC_
(Sugiura, 1978), resulting in one probability per model (WAIC_ scaled
to a O to 1 interval across the two models). We then estimated ev-
idence ratios as the wAIC_ of the treatment model to the wAIC_ of
the intercept model (Burnham & Anderson, 2002). We assumed
Gaussian errors (corroborated in the saturated model [count ~ treat]
using Q-Q and fit-vs.-residual plots) and discarded heteroscedastic-
ity effects based on Bartlett's tests (Bartlett, 1937). We used the 'Im'
function in the R package 'stats' to run the linear models whereas we
plotted relative abundances per taxon and treatment in 'graphics' (R
Core Team, 2019).

2.4.5 | Treatment efficiency

A treatment was regarded as “efficient” when it maximized the num-
ber of reads and appeared unbiased towards the detection of any
given taxa (i.e., contributing little to statistical differences in the
mean number of reads of a given taxon among treatments). To quan-
tify treatment efficiency, we contrasted our treatment and intercept
models (see Section 2.4.4) for each of the six pairwise comparisons
between four treatments across taxa (i.e., Si4/Si20/Si20_20/Si_s or
Com/EDTA/Kit/best silica treatment with 39 and 41 taxa contrib-
uting >1 read, respectively), and calculated a “treatment weight”,
where a high weight reflects high treatment efficiency. Each treat-
ment was weighted as follows:

j=t i=3 NN
treatment weight = null_wAIC, x (—1 +—2>
;; ; " \SE;  SE;



ARMBRECHT ET AL.

where in the formula above, null_wAIC_ is the probability of the in-
tercept model, and N and SE are the mean and the standard error of
the number of reads of a given taxon among the three samples per
treatment, j represents each of t taxa, and i indexes the triplet of pair-
wise comparisons involving a treatment. For instance, Si_s can be
compared with three other silica treatments (Si4, Si20, Si20_20) in six
possible pairwise comparisons, so each pairwise comparison contrib-
utes the mean and standard error of each taxon to the Si_s weight.
We standardized N by SE to balance the contributions by more or less
abundant taxa. For all taxa, we summed up the weights contributed by
each taxon to each set of six pairwise comparisons to obtain the over-
all “treatment weight”. We calculated the confidence intervals of any
given treatment weight over 10,000 bootstrapped samples. We stan-
dardized the raw and bootstrapped treatment weights on a 0-1 scale
by dividing (i) each raw treatment weight by the highest raw weight
scored by a treatment, and (ii) each bootstrapped treatment weight
by the highest null_wAIC, x ((N, /SE;)+ (N, /SE,))across bootstrapped
values. While our analyses focused on eukaryotes, treatment weights
and relative abundance barplots are also included for Bacteria and
Archaea for completeness.

3 | RESULTS
3.1 | General statistics

After removing adapters (de-multiplexing, adapter-trimming and col-
lapsing), we retained between O (EBCs processed using the Kit and
Com methods) and 11.4 M (million) collapsed reads (Com, mid-depth
sediment). After filtering (low-complexity removal and deduplication),
we retained 143.2 M reads in total, with between 0 (most EBCs) and
11.2 M sequences (Com, mid-depth sediment) per sediment subsam-
ple. The lowest number of sequences retained for a sediment subsam-
ple was 1.6 M (Si4, surface sediment). MultiQC revealed mean quality
scores between 31 and 41 (Phred scores). The sequence-length dis-
tribution ranged from 27 to 125 bp with an average of 66 bp (69 bp
and 52 bp across all sediment subsamples and EBCs, respectively). GC
content averaged 53% for samples and 52% for EBC's, and final dupli-

cation levels averaged 0.18% across samples and 2.26% across EBCs.

3.2 | Qualitative analysis of the taxonomically
assigned reads (MEGANG)

In total, across all samples, 41,845 reads (0.28% of total reads acquired)
were assigned a taxonomic identification using SILVA SSU as the ref-
erence database (plus 17 unassigned reads, excluded from statistical
analysis). Of this total, 39,838 reads were assigned to Bacteria (95.16%),
1,395 to Archaea (3.35%), and 569 to eukaryotes (1.37%). The latter
spanned 44 eukaryote phyla, with the highest number of reads as-
signed to Streptophyta (112 reads in total across all samples), followed
by Apicomplexa (71 reads) and Dinophyceae (48 reads). However, mini-

mum bit scores in MEGAN (a measure of how well a query sequence
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aligns to a reference sequence) for Streptophyta were frequently
close to the scores for Cyanobacteria and Sulfidobacter, thus the cat-
egory Streptophyta should be evaluated with caution. Polycystinea,
Kinetoplastida, Bacillariophyta, Chordata, and Nematoda were as-
signed less than 30 reads each. Labyrinthulomycetes, Haplosporidia,
Arthropoda, Haptophyceae, Foraminifera and Chrysophyceae were
assigned less than 20 reads each, whereas all other taxa were as-
signed less than 10 reads each. Within the Dinophyceae, most reads
for Gonyaulacales and Peridiniales were obtained from extraction
methods using DNA-binding in silica-solution, whereas Suessiales
and Syndiniales were also identified using the Kit method. Within the
Bacillariophyta, different treatments recovered different taxonomic
groups (Bacillariophyceae, Coscinodiscophyceae, Mediophyceae),
except for method Si4 (no Bacillariophyta reads). Within the
Haptophyceae, few reads were recovered for Isochrydiales in indi-
vidual samples using either extraction method, whereas Prymnesiales
were only detected by EDTA. For further details on read yield for indi-
vidual taxa by the different treatments see Figures S1 and S2.

3.3 | Quantitative analysis of taxonomically
assigned reads per treatment

3.3.1 | Principal component analysis (PCA) for 21
DNA read-length classes

The PCA broadly separated the samples from the silica-based
treatments to the right (PC1 = 67.6% variation explained) and top
(PC2 = 24.3%) of the ordination (total variability in DNA size-dis-
tribution explained = 92%; Figure 2). EDTA, Kit and Si4 showed
the highest variability (dispersion) in the range of fragment-lengths
captured. Principal coefficients indicated that the abundance of
read-length classes 27-102 bp increased towards the right of PC1
(Figure 2a,b) and classes 57-125 bp increased towards the bottom
of the PC2 including most EDTA and Kit samples (Figure 2a,c). As
such, Com, Si_s, Si20, Si20_20 and, to a lesser degree, Si4 achieved
the most efficient extraction of the smallest DNA fragments (sam-
ples located towards the top right of Figure 2a), whereas EDTA and
especially Kit selectively retained the largest DNA fragments (sam-
ples located towards the bottom left of Figure 2a). We did not find
a clear separation of surface, middle and bottom subsamples within
each treatment according to fragment length in the PCA ordination
(Figure 2a).

3.3.2 | Global linear-model contrasts (across
treatments)

For the four different silica treatments, the “treatment model”
(see Section 2.4.4) received more support than the “intercept [null]
model” in 33 of the 37 eukaryotic taxa and in Bacteria and Archaea
(Table S2), indicating that different treatments resulted in differ-

ent numbers of assigned reads for most taxa. Across all eukaryote
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FIGURE 2 (a) Covariance-based principal component analysis

(PCA) capturing variation in log-transformed abundances of 21
different read-length classes across triplets of samples within each
of the seven extraction methods of marine sedaDNA off Tasmania.
The histograms show the principal coefficients of each read-length
class for (b) PC1 and (c) PC2. The higher the absolute value of a
given coefficient, the higher the contribution of the corresponding
read-length class to each principal-axes gradient, while a positive
(or negative) sign indicates whether the abundance of a read-length
class increases (or decreases) towards the right (PC1) or the top
(PC2) of the ordination. Symbol insets represent whether read-
length data originated from the surface (s), middle (m) or bottom (b)
core section

taxa, the treatment model was almost two times more likely than
the intercept model (mean evidence ratio (ER) = 1.9 + 0.9SE, Table
S2, i.e., on average over all taxa, it was 1.9 times more likely that
treatments differed on read yield than that they did not), and par-
ticularly so for Bacillariophyta (ER = 4.6). Eukaryote groups for which
treatment and intercept models were equally likely (ERs = 1) were
Dinophyceae, Diplonemida, Arthropoda, Cnidaria, Sticholonchida,
and Other Stramenopiles. Taxa for which no reads were yielded in
the silica treatments were excluded from this analysis.

Within the four final treatments, the treatment model was more
likely than the intercept model in 35 of 39 eukaryotic taxa. Across

all eukaryote taxa, the treatment model was almost two times more

likely than the intercept model (mean ER = 1.9 + 1.3SE, Table S2), and
particularly so for Amoebozoa (ER = 6.1). Eukaryote groups for which
treatment and intercept models were equally likely (ERs = 1.0) were
Ciliophora, Cnidaria and Haplosporidia. For Bacteria and Archaea,
the two models were also equally likely (Table S2). Again, taxa for

which no reads were obtained were excluded from this analysis.

3.3.3 | Treatment efficiency

For eukaryotes in silica-based treatments, the Si20_20 treatment
consistently yielded the highest number of reads across a wide vari-
ety of eukaryote taxa (i.e., contributed least to statistical differences
in read yield among treatments, see Section 2.4.5), thus, this was
the most efficient Si treatment (Figure 3a,c). Si20_20 extraction ef-
ficiency was closely followed by that of Si_s, then Si4 and Si20, in
decreasing order (Figure 3a,c). For Bacteria, efficiency was ranked
highest for Si20 among silica-treatments, closely followed by that
of Si_s, then Si20_20 and Si4 (Figure 3e,g). For Archaea, efficiency
decreased from Si_s to Si20, Si20_20 and Si4 (Figure 3i,k).

We selected Si20_20 as the “best” silica treatment for eukaryotic
taxa (see Section 2.4.5) and compared it against the Com, EDTA and
Kit extraction methods. EDTA scored the highest treatment efficiency
(Figure 3b,d), closely followed by Com, then Si20_20, whereas Kit
scored the lowest (Figure 3b,d). For Bacteria, Com performed best, fol-
lowed by Kit, EDTA and (best silica-based treatment) Si20 (Figure 3f,h).
For Archaea, Kit was most efficient and EDTA, Com and Si_s (best sili-
ca-based treatment) followed in decreasing order (Figure 3j,1).

Pairwise comparisons of the silica treatments across all eukary-
ote taxa were primarily used to determine the treatment efficiencies
and, as such, are consistent with the above described performance
of the silica and final treatments. For details on the resulting statis-

tics from all pairwise comparisons see Table S3.

4 | DISCUSSION

4.1 | An optimized technique for the extraction of
eukaryote DNA from marine sediments

Our analyses showed that all sedaDNA extraction treatments per-
formed well for different aspects of the extraction process and that
existing protocols need optimization to maximize the yield of ancient
sequences from a broad range of eukaryotic taxa. To date, most ma-
rine sedaDNA studies targeting marine eukaryotes have used the Kit
method (e.g., De Schepper et al., 2019; Lejzerowicz et al., 2013; More
et al., 2018; Pawtowska et al., 2015), occasionally with slight modi-
fications (Shaw et al., 2019), or a version of the same kit tailored to
larger sediment volumes (up to 10 g DNA; e.g., Coolen et al., 2009;
Epp et al., 2019; Klouch et al., 2016; Szczucinski et al., 2016) and
alternative kit-based methods (e.g., Coolen et al., 2006; Hou
et al., 2014; Orsi et al., 2017; More et al., 2018). The EDTA and silica-

based techniques have been used in environmental aDNA research
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previously (Slon et al., 2017; Frisia et al., 2017; Weyrich et al., 2017,
respectively) and were applied here to marine sediments for the first
time, alongside our novel combined approaches technique.

Across our sedaDNA extraction methods, EDTA scored the high-
est efficiency (high genetic yield across eukaryote taxa, low bias
towards particular taxa). Both EDTA and Kit were the best meth-
ods to retain the largest DNA fragments, probably due to the use
of DNA-binding spin columns, which have been shown previously
to favour large DNA fragments (Rohland et al., 2018). In contrast,
we found that techniques employing DNA binding to silica in solu-
tion outcompeted other treatments in the recovery of the smallest
fragments, making it well-suited for highly fragmented and degraded
sequences characteristic of sedaDNA. Within the silica-based treat-
ments, Si20_20 was the most efficient, suggesting that frozen ma-
terial and undiluted DNA templates are beneficial for the recovery
of sedaDNA from marine eukaryotes. Indeed, cold temperatures
have been shown to drive cellular lysis and breakage in soil samples
(Roh, Villatte, Kim, & Schmid, 2006), and this mechanism may also
be relevant for marine eukaryote sedaDNA. Si_s’ efficiency was on
a par with Si20_20, indicating it is possible to remove HMW DNA
before sequencing without losing taxonomic resolution. Our bioin-

formatic pipeline considers collapsed reads only, therefore excludes

fragments 2126 bp, and also filters out modern contaminant se-
quences. Thus, a size-selection step in the library preparations is op-
tional, yet would be recommended to prevent interference of HMW
DNA with aDNA sequencing (i.e., increasing the sensitivity for aDNA
molecules during the sequencing run).

Considering that the combined ‘Com’ extraction protocol
was designed using components of the EDTA, Kit and Silica tech-
niques presented here, the high efficiency was expected. The
Com method combines frozen material to increase cell lysis (Roh
et al., 2006), EDTA incubation to enhance eukaryote DNA isolation
(Slon et al., 2017), bead-beating to retrieve DNA from paleo-depos-
ited resting spores and cysts frequently occurring in marine sedi-
ments (Klouch et al., 2016; Shaw et al., 2019), and DNA-binding in
silica-solution to capture variably-sized DNA fragments (see below).
The use of undiluted library DNA as template (20 ul) promoted read
yield, and the optional bead-based size-selection to remove HMW
fragments that can interfere with sequencing and/or originate from
contaminant organisms proved robust. Overall, Com represents
a streamlined method highly amenable for sedaDNA studies given
its efficiency to maximise the broadest eukaryote-diversity signal
in marine sediments. A schematic overview of our new extraction

method is provided in Figure 4.
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sedaDNA extraction

0.25g frozen sediment

Incubation in 0.75 mL EDTA over night
at room temperature (rotating)

Centrifugation

sedaDNA data processing

FastQC on raw reads

Demultiplexing, adapter-removal and
collapsing (AdapterRemoval2)

FIGURE 4 Flowchart of sedaDNA
extraction procedure and bioinformatic
pipeline optimized for marine eukaryotes.
For details on reagent composition

and volumes, incubation times and
centrifugation settings, as well as
parameter settings in the bioinformatic
workflow, see text

FastQC and MultiQC on collapsed

reads

Removal of low-complexity reads

EDTA-
supernatant:
Lo-bind tube

Pellet: DNeasy
protocol until
step 10

(Komplexity, threshold = 0.55)

Removal of duplicate sequences
(Dedupe in BBMap)

Combining supernatants (0.75 mL
each) with modified QG binding buffer
and silica-solution, rotation for 1hr

Purification with 80% ethanol and
storage in buffer at —20 °C

FastQC and MultiQC on filtered reads

Alignment against SILVA SSU rRNA

database (MALT)

Preparation of shotgun libraries
(20 uL DNA template)

Size-selection using magnetic beads

Conversion .blastn = .rma6 using
(blast2rma, MEGANG), mpi = 95%,
me=50

Analysis in MEGAN6

Shotgun sequencing

4.2 | Metagenomics in marine sedaDNA research

Eukaryotes comprised 1.37% (on average across all samples) of the
identifiable community in sediment samples collected at 104 m
water depth off Tasmania. This low proportion was expected for sev-
eral reasons. First, by targeting total DNA we included Archaea and
Bacteria, with the latter being highly abundant and active in marine
sediments (e.g., Fry, Parkes, Cragg, Weightman, & Webster, 2008)
even 2.5 km below the seafloor (Inagaki et al., 2015). Second, we
mapped our reads against the SILVA-SSU rRNA database (an ex-
tensive, curated database of the SSU rDNA gene, the most widely
used taxonomic marker for marine eukaryotes (see De Vargas
et al., 2015; Guo, Sui, Zhang, Ren, & Liu, 2015; Wang et al., 2017;
Carradec et al., 2018), which means other genetic material poten-
tially holding taxonomic information was disregarded (e.g., plastid
DNA). And finally, we applied a stringent bioinformatic filtering
approach (Figure 4) to avoid artefacts from exogenous contamina-
tion and misassignment of low-complexity reads. As a general rule,
the low proportions of eukaryote target DNA are the main reason
previous marine sedaDNA studies have employed amplicon-based

Statistical analysis

approaches, with PCR amplification of a specific genetic region (e.g.,
Coolenetal.,2006; Lejzerowicz et al., 2013; Shaw et al., 2019). Unless
combined with other paleo-community proxies (such as biomarkers
and/or microfossils, as performed in the latter studies), amplicons
are unsuitable for sedaDNA research as they are biased by a range
of confounding factors such as random amplification in the first few
PCR cycles, selective amplification of contaminant sequences and
fragment-length size dependency (Armbrecht et al., 2019; Taberlet
et al., 2012; Ziesemer et al., 2015). Moreover, amplicon data is very
difficult to authenticate as “ancient”, because the distribution of
fragment-sizes within a sample cannot be reliably determined and
damage patterns such as cytosine deamination are no longer de-
tectable using bioinformatic tools (Ginolhac, Rasmussen, Gilbert,
Willerslev, & Orlando, 2011). Our study based on Tasmanian seafloor
material showed, for the first time, that the average fragment length
for marine sedaDNA (0-10 cm depth) can be very short (~69 bp),
confirming the suitability of metagenomics for the quantification
of highly fragmented and degraded marine sedaDNA. Whether this
latter figure (69 bp) might have also been influenced by potential
preferential ligation of small DNA fragments to the flow cell during
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sequencing (as discussed in Head et al., 2014) is unknown; however,
if this was the case such an artefact would apply to all samples and
EBCs, and as such, should not impact our overall results.

Using a comprehensive set of different extraction techniques,
we identified a total of 45 eukaryotic groups (44 phyla and fungi), in-
cluding key marine plankton indicator groups such as Bacillariophyta
(diatoms), Dinophyceae (dinoflagellates) and Haptophyceae (hapto-
phytes, including coccolithophores). These phyla are the most abun-
dant photosynthetic eukaryotes at our study location off the east
coast of Tasmania (Brown et al., 2018; Hallegraeff et al., 2010) and
globally (De Vargas et al., 2015). Within Bacillariophyta, we found
Bacillariophyceae, Coscinodiscophyceae and Mediophyceae to be
the represented taxa. Interestingly, no reads were obtained for di-
atoms after applying the Si4 extraction protocol, suggesting that
sediment freezing prior to aDNA extraction promotes cell lysis and
improves subsequent DNA isolation efficiency. A low representa-
tion of diatoms in sedaDNA has been noted previously from Maria
Island inshore sediments, even when using an amplicon approach
targeting the 18S gene region (Shaw et al., 2019). Critically, diatom
silica frustules may potentially compete with silica-based spin col-
umns and dissolved silica for DNA-binding sites, a phenomenon
that requires further investigation. Within the Dinophyceae, most
reads from Gonyaulacales, Peridiniales, Suessiales and Syndiniales
were retained after applying the Silica and Kit extraction proto-
cols. These techniques comprised an initial bead-beating step that
is perhaps more efficient at breaking cellular membranes before
DNA extraction, hence leading to more effective DNA capture.
Using microscopy, Protoperidinium and Gonyaulax/Protoceratium
have been identified as the dominant dinoflagellate cyst types in
our samples (unpublished data), consistent with our sedaDNA anal-
yses. For Haptophyceae, it appears that only the gentleness of the
EDTA approach allowed detection of Prymnesiales (in addition to
Isochrydiales). However, the detection of this group (Prymnesiales)
was due to a single read assigned to Chrysochromulina, thus further
testing is required to confirm that the EDTA extraction approach
consistently improves read-yields for Prymnesiales specifically.
While our study presents a method that optimizes DNA extractions
across eukaryotes and retains small DNA fragments, differences in
read yield for specific taxa within the eukaryotes should be consid-
ered when the aim is to target a particular taxon or group of taxa.
To increase the yield of specific taxa in future studies, we there-
fore suggest adding target-capture techniques commonly applied
in aDNA research (Horn, 2012) as they maximize the quantity and
detection of DNA from targeted taxa (Taberlet et al., 2012).

4.3 | Contamination assessment

Our extraction protocols detected 19 bacterial and four eukaryotic
taxa in EBCs (Table S1). Bacterial contamination is a known phe-
nomenon in aDNA studies and demands the inclusion of EBCs at all
stages from extraction and library preparation to sequencing (Salter

et al., 2014). To our knowledge, this is the first study reporting on
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laboratory contaminants in the marine sedaDNA literature, providing
a starting point for contaminant tracking in this research field. The
primary eukaryote group detected in our EBCs were Thecofilosea
within the phylum Cercozoa, especially in the EBC run with the EDTA
extractions. Given that Thecofilosea are widespread marine proto-
zoans within the Rhizaria, it is important to consider cross-contam-
ination of reagents or from a sample during our EDTA extraction.
However, cross-contamination should have introduced a species
diversity similar to that detected in the EDTA-extracted samples,
rather than just one taxon, therefore, we find cross-contamination
quite unlikely. An alternative explanation might be that Thecofilosea
sequences were a PCR artefact as they were consistently short
(mostly ~ 27 bp) and just above the minimum bit score of 50 allowed
in our alignments (scores between 51 and 54). Either way, because
we subtracted all taxa found in EBCs from our samples, contaminant
sequences (like those of Thecofilosea) did not impact our statisti-
cal analyses. However, their detection emphasizes the importance
of stringent contamination controls and data filtering for sedaDNA
studies (Pedersen et al., 2015). We strongly recommend keeping a
detailed record of contaminant taxa in the laboratory for internal
contamination tracing, and to report contaminant taxa identified
alongside sedaDNA results to ensure authenticity—a practice widely
used in microbiome research, which also deals with low microbial
biomass (Eisenhofer et al., 2018).

4.4 | Extraction of Bacteria and Archaea from
marine sediments

Our analyses focused on finding the best extraction method for ma-
rine eukaryote sedaDNA. However, our data also allowed some as-
sessment of extraction-treatment effects on co-occurring Bacteria
and Archaea. Briefly, all extraction treatments except Si4 performed
similarly well in yielding bacterial sedaDNA, with Com being the
most efficient. For Archaea, the kit showed the highest treatment
efficiency. However, since both kit and EDTA (second most efficient
treatment) included silica spin columns, Com should be considered
an alternative if the aim is to retain small, and potentially authen-
tic, DNA fragments. We only dealt with Bacteria and Archaea at the
domain-level in our analyses, and the effects of different treatments
on individual bacterial and archaeal taxa within these two domains
should be the subject of future research.

In conclusion, we used seven different sedaDNA extraction
techniques for eukaryote DNA from marine sediments. We aimed
to optimize read yield, retain small and degraded DNA fragments,
and maximize taxonomic coverage to improve the study of bio-
logical change in deep seafloor sediments over geological time
scales. The optimized combined (Com) technique worked effi-
ciently with only 0.25 g of sediment and so stands as the most
cost-effective for future marine sedaDNA studies. Com can be
completed in ~1 day and lays the foundation for future method-
ological refinements, particularly in the analysis of sedaDNA dam-

age, diatom aDNA retrieval, and use of hybridisation enrichment
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target-capture techniques to maximize eukaryote read yield while
preserving taxonomic representation of the original communities.
Our bioinformatic pipeline for processing metagenomic data in-
corporates stringent data-filtering criteria to maximize the yield of
uncontaminated DNA material. In addition to providing optimized
sedaDNA extraction and bioinformatic protocols, we contribute a
quantitative, metagenomic sedaDNA assessment of past eukary-
ote abundance and diversity from Tasmanian marine sediments.
Our study should facilitate future investigations into marine pa-
leo-eukaryote community dynamics from Tasmanian sediments as

well as other regions.
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