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The Potential of Sedimentary Ancient DNA to 
Reconstruct Past Ocean Ecosystems

SPECIAL ISSUE ON PALEOCEANOGRAPHY: LESSONS FOR A CHANGING WORLD

ABSTRACT. Sedimentary ancient DNA (sedaDNA) offers a novel approach to investigating 
past marine ecosystems—from the smallest bacteria to phytoplankton and their predators—
over geological timescales. Knowledge about such paleo-food webs can provide broad-scale 
biological context to paleoceanographic and environmental reconstructions. However, the 
field of marine sedaDNA research is still in its infancy; community reconstructions are com-
plicated by the minuscule amounts of ancient DNA preserved in the sediments. Consequently, 
the identification of most prokaryotes and eukaryotes in sedaDNA is difficult, and sedaDNA 
sampling, extraction, and analysis require optimized procedures and rigorous contami-
nation control to ensure that the sedaDNA signal is authentic and not overridden by mod-
ern environmental DNA. This article describes some of the latest developments in marine 
sedaDNA research, including the use of metagenomics to study past marine food webs, and 
new experimental and computational techniques to maximize taxonomic resolution, partic-
ularly that of eukaryotes. An example of bioinformatic techniques designed to increase taxo-
nomic insight is presented, demonstrating the breadth of paleogenetic signals that could be 
extracted from marine sediments. With ongoing improvements in genetic reference databases, 
sedaDNA extraction techniques, species-specific enrichment approaches, and computational 
tools, marine sedaDNA will continue to improve our understanding of how marine ecosystems 
evolved in concert with changing environmental conditions.

By Linda H. Armbrecht

Piston core recovered 
during an R/V Investigator 
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in 2017. Photo credit: 
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WHAT INFORMATION CAN BE 
GAINED FROM SEDIMENTARY 
ANCIENT DNA?
Analysis of marine sedimentary ancient 
DNA (sedaDNA) allows identification 
of deceased organisms that have sunk 
from the upper water layers to the bot-
tom of the ocean and become preserved. 
As a result of the sedimentation process, 
the remains of deceased organisms accu-
mulate over time, forming a continuous 
record of past communities that have 
inhabited the ocean. Marine sedaDNA 
can be used to study a broad variety of 
taxa, including viruses, archaea, prokary-
otes (bacteria), and eukaryotes (phyto-
plankton to larger predators). Eukaryotic 
planktonic organisms, such as diatoms, 
dinoflagellates, coccolithophores, and 
foraminifers, are particularly interest-
ing targets for sedaDNA studies because 
of their established reliability as environ-
mental indicators. However, the breadth 
of taxa for which genetic signals are pre-
served in the sediments—including spe-
cies that do not fossilize—means that 
sedaDNA holds enormous potential to 
go beyond these standard environmental 
proxies and facilitate reconstruction of 
past marine ecosystems across the food 
web. Further, in cases where the preser-
vation, or information content, of micro-
fossil, physical, (biogeo)chemical or bio-
marker proxies is limited, sedaDNA can 
provide novel insights into past oceano-
graphic and environmental conditions. 

WHAT MAKES ANCIENT DNA 
DIFFERENT FROM MODERN DNA? 
Ancient DNA is highly fragmented and 
degraded. Once an organism dies, cellu-
lar processes such as DNA repair mech-
anisms are no longer active, and the 
unmaintained DNA degrades over time. 
Previous research has shown that ancient 
DNA is usually <100 base pairs (bp) long 
(e.g.,  Pääbo, 1989; Weyrich et  al., 2017), 
and marine sedaDNA fragments also tend 
to be very short (~69 bp; Armbrecht et al., 
2020). Although ancient DNA extracted 
from bones and teeth has been used 

extensively to study human and mega-
fauna evolution for more than 30 years 
(Hagelberg et  al., 2015), its application 
to marine settings is still relatively new. 
Consequently, sedaDNA laboratory pro-
tocols, as well as downstream bioinfor-
matic processing and analysis of sedaDNA 
data, are not yet well established. This is 
especially the case for eukaryotes for 
which only trace amounts of sedaDNA 
are preserved in the forms of both extra- 
and intracellular DNA (e.g., within robust 
resting stages such as cysts and spores). 
Further, ancient DNA fragment size and 
damage analysis, standard procedures 
for validating ancient DNA signals in 
human- and megafauna-related ancient 
DNA research, have not yet been com-
monly applied to sedaDNA, making it dif-
ficult to evaluate sedaDNA authenticity 
across existing studies. 

In contrast to ancient DNA, DNA 
from living organisms (modern DNA) 
is highly intact and overwhelmingly 
abundant in the environment, includ-
ing the ocean. For example, the aver-
age size of the small subunit ribosomal 
RNA gene—SSU rRNA, a gene com-
monly used as a taxonomic marker—
is approximately 20 times that of a typ-
ical ancient DNA molecule (~1,800 bp; 
Tanabe et al., 2016) and can occur in copy 
numbers of ~12,000 in a single cell of a 
marine phytoplankter (Zhu et al., 2005). 
Molecular biological techniques used to 
detect and investigate marine organisms 
in present-day ocean settings are well 
established and have greatly improved 
our knowledge about the functioning, 
composition, and dynamics of marine 
food webs (Amaral-Zettler et al., 2009; 
De Vargas et  al., 2015; Carradec et  al., 
2018). In addition, meta genomic research 
of the modern ocean continues to gener-
ate invaluable reference sequences of liv-
ing marine organisms to which ancient 
sequences can be compared. 

Due to the sheer abundance of mod-
ern DNA in the ocean, contamination 
is a negligible issue in contemporary 
marine genomics because contaminant 

sequences are largely outweighed by the 
target genetic signal. The opposite pat-
tern is the case for sedaDNA, however, 
and thorough contamination control is 
required at each step along the process of 
sedaDNA acquisition and analysis.

HOW IS sedaDNA ACQUIRED 
FROM THE SEAFLOOR?
The recovery of sedaDNA from deep 
ocean sediments usually involves the 
acquisition of sediment cores from 
research vessels or platforms (Figure 1). 
Armbrecht et al. (2019) describe in detail 
such coring operations and best practice 
techniques. In brief, among the differ-
ent coring methods currently available, 
gravity-based coring and advanced pis-
ton coring (APC) systems are preferred 
for sedaDNA analyses, as they recover 
the least disturbed sediments and mini-
mize the likelihood of modern seawater 
ingress. Gravity-based corers simply “free 
fall” into the sediment, cutting a core 
from the seafloor. To trigger the APC 
system, hydraulic pressure is applied by 
pumping drill fluid toward the shear pins 
at the top of the core barrel (Sun et  al., 
2018). Only small volumes of drill fluid 
can enter the space between the core bar-
rel and the collar from above after strok-
ing, greatly reducing the risk of contam-
ination. However, because the standard 
drill fluid is seawater, which inevitably 
contains vast amounts of modern marine 
organisms, contamination is still a risk, 
and strict contamination measures are 
necessary. This potential contamina-
tion source can be tracked by infusing a 
non-toxic, non-volatile chemical tracer 
(e.g.,  perfluoromethyldecalin, PFMD) 
at a constant rate into the drill fluid and 
testing sediment subsamples along the 
length of the core for the presence of the 
tracer (Figure 1). 

When the core is on deck, measures 
can be taken to prevent contamination 
derived from core handling and the sur-
rounding environment. Readily applied 
contamination control measures while 
working on board a research vessel or 
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platform include wearing personal pro-
tective equipment; decontaminating the 
working environment, core liners, and 
cutting and splitting tools; instituting 
a variety of controls (e.g.,  air sampling, 
work bench swabbing, using PFMD con-
trols alongside sedaDNA samples), and, 
if possible, working fast in cold, still-air 
conditions. Core storage under cold and 
anoxic conditions and/or freezing of sed-
iment subsamples is also recommended, 
as well as subsequent sample process-
ing at specialized ancient DNA facilities. 
The latter comprise ultraclean, low-DNA 

environments achieved by following a 
unidirectional workflow from sample 
preparation to extraction and sequenc-
ing library preparation in separate work-
ing areas, and positively pressured and 
frequently decontaminated laboratories 
(Fulton and Shapiro, 2019). 

ARE THERE OPTIMAL MARINE 
sedaDNA EXTRACTION 
TECHNIQUES?
While a “one-fits-all” extraction protocol 
for sedaDNA would be highly desirable, 
optimized protocols are usually required, 

depending on the type of sediment and 
the target organisms to be analyzed. The 
efficiency of sedaDNA extraction can 
be highly variable, depending on sedi-
ment type and composition. Sediments 
rich in clay, borate, and organic con-
tent, and those kept at low temperatures 
and protected from oxygen and irradia-
tion, usually contain relatively well pre-
served sedaDNA (Armbrecht et al., 2019, 
and references therein). A recent study 
showed that extracellular DNA binds 
well to clay minerals, which may protect 
it from being degraded by living bacte-
ria in the sub seafloor environment, and 
such DNA-substrate interactions are 
important to consider during sedaDNA 
extractions (Vuillemin et al., 2019).

Both intra- and extracellular sedaDNA 
can be extracted from sediments using 
a sequence of chemical and mechan-
ical treatments. At the initial step of 
sedaDNA extractions, shaking the sam-
ple in a solution containing small beads 
(bead-beating) is commonly employed 
to break robust resting cells and to facili-
tate the recovery of intracellular as well as 
extracellular sedaDNA (e.g.,  Shaw et  al., 
2019). Phosphate-containing buffers have 
also been incorporated into sedaDNA 
extraction protocols, as phosphate has 
similar charge and structural properties to 
DNA so that it creates a competitive envi-
ronment in which more DNA remains 
in solution, thereby aiding its isolation 
(Direito et al., 2012). We recently devel-
oped an optimized extraction protocol 
for marine eukaryote sedaDNA that com-
bines two-step DNA-isolation (extract-
ing DNA from fragile as well as robust 
organisms) with a DNA binding reac-
tion in silica solution (Armbrecht et  al., 
2020). This technique facilitates recov-
ery of particularly small and degraded 
DNA fragments (down to 27 bp), which 
is important for studies of ancient marine 
deposits, as sedaDNA fragmentation is 
expected to increase with the depth and 
age of the sediments. 

Hypothetical changes in 
paleo-communities through time 
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FIGURE 1. Schematic of a drilling vessel recovering a sediment core for sedaDNA analysis and hypo-
thetical past marine community composition. The pink dashed line indicates the use of a chemical 
tracer for contamination tracking during coring. The white dashed line depicts the sediment core. 
Small yellow circles indicate theoretical sedaDNA sampling intervals, corresponding to pie charts on 
the right. Pie charts represent hypothetical paleo-communities detectable from sedaDNA shotgun 
analysis, where the majority (~75%, see text and Figure 3c) of the recovered sedaDNA sequences 
originate from bacteria, and where sedaDNA from fossilizing/cyst-forming taxa increases relative to 
non-fossilizing/non-cyst-forming taxa with subseafloor depth (assuming that sedaDNA of fossilizing/
cyst-forming taxa preserves better than that of non-fossilizing/non- cyst-forming taxa). The decreas-
ing size of the pie charts with subseafloor depth indicates an expected decrease in sedaDNA. 
Schematic not to scale. 



Oceanography  |  June 2020 119

WHICH GENOMICS AND 
SEQUENCING APPROACHES 
ARE SUITABLE FOR STUDYING 
sedaDNA? 
Studies that rely on the analysis of 
sedaDNA should demonstrate data 
authenticity (i.e.,  the DNA recovered is 
ancient and free from modern contam-
ination; Willerslev and Cooper, 2005). 
Validation protocols for ancient DNA 
include DNA damage analysis—for 
example, by applying mapDamage soft-
ware, which was specifically developed to 
detect nucleotide misincorporations and 
fragmentation patterns that are charac-
teristic of ancient DNA (Ginolhac et al., 
2011; Jónsson et al., 2013). MapDamage 
has become a routine tool for authenticat-
ing ancient DNA across studies focusing 
on megafauna and humans (e.g., Llamas 
et al., 2015; Tobler et al., 2017). However, 
in highly complex metagenomic data, 
the identification and authentication of 
ancient sequences of very rare organisms 
remains challenging, partly due to the 
lack of high-quality reference sequences 
for the thousands of marine organ-
isms thriving in the global ocean, and as 
the threshold of ~250 reads per species 
required to analyze and plot DNA dam-
age patterns in mapDamage is often not 
reached (Collin et al., 2020). To overcome 
this issue, recent studies have focused on 
developing new bioinformatic techniques 
suitable for identification and authenti-
cation of low abundance ancient DNA in 
metagenomic data. For example, Hübler 
et al. (2019) developed HOPS (Heuristic 
Operations for Pathogen Screening) to 
screen for ancient pathogens in meta-
genomic samples, and Collin et al. (2020) 
described a new approach for process-
ing and analyzing ancient metagenomic 
shotgun data focusing on the conserva-
tion of rare reads. The application and 
optimization of such tools for identify-
ing and authenticating marine eukary-
otes in sedaDNA appear highly prom-
ising and relevant to future sedaDNA 
research. A much less ideal but simpler 
authenticity assessment can be achieved 
through DNA fragment size analysis (as 

noted above, fragmentation is expected 
to increase with age of the sediment 
sample), which should be the minimum 
authenticity analysis undertaken in any 
marine sedaDNA study. 

To date, however, most sedaDNA stud-
ies have used a metabarcoding approach 
to investigate paleocommunities. This 
commonly used method targets a specific 
DNA region used as a taxonomic marker 
to identify different species that are aggre-
gated in a sediment sample (Taberlet 
et  al., 2012). These genetic markers are 
amplified using primers (short sequences 
matching the start and end of the tar-
get gene) in a polymerase chain reaction 
(PCR) and are subsequently sequenced 
(Figure 2). This technique has been 
shown to be unsuitable for the study of 
ancient DNA (e.g., Weyrich et al., 2017) 
for the following reasons: 
1. Ancient DNA is typically highly dam-

aged so that primers may not bind.
2. The DNA segments to be ampli-

fied are usually longer (>100 bp) 
than most ancient DNA fragments 
(<100 bp; Pääbo, 1989), introducing 

biases toward longer sequences that 
favor modern contaminants where 
present, and skew the taxonomic 
composition.

3. PCRs are prone to inherent biases such 
as random amplification in the first 
few amplification cycles and PCR drift; 
hence, biases become more severe 
with increasing numbers of ampli-
fication cycles (Wagner et  al., 1994; 
Taberlet et  al., 2012) as necessitated 
with sedaDNA protocols. 

4. The characteristic DNA damage pat-
terns described above are no longer 
detectable in metabarcoding data as 
polymerases correct these patterns 
during amplification, preventing this 
mode of authenticity testing.

Studies that have applied metabarcoding 
should therefore be interpreted with cau-
tion unless they have shown authenticity 
of the sedaDNA through complementary 
analyses (e.g., fossils, biomarkers). 

With ongoing increases in sequenc-
ing power and decreases in cost (Reuter 
et  al., 2015), metagenomics is becoming 

(a) Metabarcoding                     (b) Metagenomics                (c) Target-capture-
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FIGURE 2. Schematic of different methodological approaches in modern and ancient marine 
genomics. (a) Metabarcoding is the amplification and analysis of equally sized DNA fragments 
from a total DNA extract. (b) Metagenomics is the extraction, amplification, and analysis of all 
DNA fragments independent of size. (c) Target-capture describes the enrichment and analy-
sis of specific (chosen) DNA fragments independent of size from a total DNA extract.
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a viable alternative to metabarcoding. 
Metagenomics studies extract and 
amplify the “total” DNA in a sample 
(i.e., potentially all species), thereby facil-
itating the recovery of DNA sequences 
proportionate to their original repre-
sentation in that sample and indepen-
dent of DNA fragment-size (“shotgun 
sequencing”; Figure 2). Thus, meta-
genomics approaches are better suited to 
studying sedaDNA, as they permit detec-
tion of bacteria, archaea, and eukaryotes, 
and they recover DNA damage patterns 
and fragment size variability without 
the biases inherent to metabarcoding. 
Community composition can then be 
reconstructed from this large pool of 
metagenomic data by screening for the 
occurrence of taxonomic marker genes. 
Additionally, metagenomic data sets offer 
the opportunity to draw functional infor-
mation (“what organisms were doing”), 
as recently shown by Giosan et al. (2018), 
through their identification and use of 
chlorophyll biosynthesis proteins to esti-
mate paleoproductivity. If the representa-
tion of the target organisms/genes is rel-
atively low in the pool of total DNA data 
(e.g., in the case of eukaryote sedaDNA), 
very deep sequencing is required to 
recover sufficient genetic information to 
perform meaningful statistical analyses.

An attractive alternative that combines 
the specificity of the PCR approach but 
avoids the biases of the PCR method is the 
targeted enrichment of specific genetic 
sequences via hybridization-capture 
techniques (Horn, 2012). This approach 
uses short RNA probes (also called 
“baits,” analogous to the baits used in a 
fishing context) that are designed to be 
complementary to any DNA sequences 
the researchers may choose (e.g.,  spe-
cific genes of a target organism). By 
binding to the target sequence, these 
genetic baits “capture” DNA fragments 
in a manner that is akin to the PCR tar-
geting, but independent of fragment size 
and with the preservation of damage pat-
terns, allowing detailed authenticity test-
ing (Figure 2). A recent study success-
fully applied this capture technique to 

Northern Hemisphere permafrost sam-
ples by developing PaleoChip Arctic 1.0 
for investigating ancient Arctic plants 
and animals (Murchie et al., 2019).

HOW DETAILED ARE THE 
COMMUNITY DATA GENERATED 
FROM sedaDNA? 
Most marine organisms are known genet-
ically only by short segments of their 
genome, such as “taxonomic marker 
genes,” which occur in a large group of 
organisms but with slight variations in 
each species that allow taxonomic differ-
entiation. An example are the ribosomal 
genes: small subunit ribosomal RNA 
(18S rRNA or SSU rRNA) or large sub-
unit ribosomal RNA (28S rRNA or LSU 
rRNA). Applying metabarcoding of the 
18S rRNA gene (V9 region only, ~130 bp 
long), De Vargas et  al. (2015) estimated 
a taxa richness of ~150,000 eukaryotes in 
the modern global surface ocean, detect-
ing over 3,000 diatoms alone (categoriz-
ing the latter as a “hyperdiverse” group). 
This estimate stands in comparison to 
only 12 complete diatom genomes cur-
rently available via the National Center 
for Biotechnology Information’s (NCBI) 
Genome database (https://www.ncbi. 
nlm.nih.gov/ genome/; search terms: 
“Eukaryota”[Organism] AND “Bacillari- 
ophyta”[Organism], June 16, 2020). The 
abundance of references for taxonomic 
marker genes over whole genomes of 
major marine eukaryotic taxa plainly 
illustrates why the use of marker genes 
for community composition assess-
ments is popular. 

Two of the best-known curated data-
bases containing marine eukaryote 
sequences are the Protist Ribosomal 
Reference Database (PR2; Guillou et  al., 
2012) and the SILVA ribosomal RNA 
database (Quast et  al., 2013). PR2 con-
tains SSU rRNA sequences, while SILVA 
is split into two separate databases, one 
containing full-length sequences of the 
same gene (SSU rRNA) and the other 
full-length sequences of the LSU rRNA 
gene. Both SILVA databases contain 
sequence information from a variety of 

marine organisms—the latest release 
of the SILVA SSU database (SSURef 
NR 132) contains 592,561 bacterial, 
25,026 archaeal, and 77,584 eukary-
otic sequences, and the LSU database 
(LSURef 132) contains 168,075 bacte-
rial, 1,440 archaeal, and 29,319 eukary-
otic sequences (https://www.arb-silva.de/ 
documentation/ release-132/). Although 
PR2 and SILVA comprise extensive 
resources, it is important to consider 
the use of additional databases, depend-
ing on the target organisms and/or 
study focus. For example, in sedaDNA 
research, the NCBI database, the largest 
genetic database available (https://www.
ncbi.nlm.nih.gov/), may also be con-
sidered as well as the Marine Microbial 
Eukaryote Transcriptome Sequencing 
Project (MMETSP) database, an exten-
sive resource for marine eukaryote RNA 
sequences (Keeling et  al., 2014). While 
there is no standard approach to choos-
ing a reference database (or combina-
tion of databases) for sedaDNA research, 
it is recommended to use one that is as 
complete as possible regarding refer-
ence sequences of the target organisms 
(Keeling et al., 2014; Collin et al., 2020). 

Despite the usefulness of taxonomic 
marker genes for investigating marine 
eukaryotes, some limitations are yet to 
be overcome to achieve comprehensive 
community estimates and/or reconstruc-
tions. Even in modern marine investi-
gations, part of the detected sequences 
can remain unidentified due to missing 
reference sequences, possibly because 
some organisms are (1) not easy or are 
impossible to culture and/or sequence, 
(2) rarely the subject of scientific inves-
tigations, or (3) entirely unknown and 
undescribed. For example, in their global 
study of marine eukaryotes, De Vargas 
et  al. (2015) were able to assign tax-
onomy to two-thirds of the generated 
sequences, with the remaining third fall-
ing into the “unknown sequences” cat-
egory. As a result of this imbalance in 
reference sequences across eukaryotes, 
some groups are better represented than 
others in genetic databases, which in turn 

https://www.ncbi.nlm.nih.gov/genome/
https://www.ncbi.nlm.nih.gov/genome/
https://www.arb-silva.de/documentation/release-132/
https://www.arb-silva.de/documentation/release-132/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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will impact a study’s taxonomic resolu-
tion. Crucially, low taxonomic resolution 
can inhibit paleoenvironmental recon-
struction efforts, where species-level 
identification is often pivotal in order to 
estimate key environmental or oceano-
graphic conditions in a region of interest 
(Weckström et al., 2020). 

An unfortunate consequence when 
applying taxonomic marker gene filters 
to metagenomic data is that the majority 
of the recovered sequencing data is not 
used. In fact, we recently showed that of 
a metagenomic marine sedaDNA shot-
gun data set, less than 1% of the quality- 
filtered sequencing reads were assigned 
taxonomy after alignment using the SILVA 
SSU reference database (Armbrecht et al., 
2020). With high enough sequencing 
depth, a sufficient number of reads may 
remain available for statistical analy-
ses; however, studies may wish to pursue 
optimizations in the experimental phase 
(e.g., hybridization-capture), or bioinfor-
matic analysis (e.g., integrating complete 
databases), or both, where achieving high 
throughput is of concern.

EXAMPLE OF INCREASING 
TAXONOMIC RESOLUTION BY 
COMBINING INFORMATION 
FROM TWO MARKER GENES
The following example shows how the 
rarely used LSU, when combined with 
the more widely used SSU, may pro-
vide increased taxonomic resolu-
tion in metagenomic sedaDNA data. 
Metagenomic sedaDNA sequence data, 
acquired from a sediment sample col-
lected during the Sabrina Seafloor Survey 
2017 (IN2017_V01) off East Antarctica 
(Armand et al., 2018), was extracted and 
analyzed using optimized laboratory 
and bioinformatic procedures described 
in detail in Armbrecht et al. (2020). The 
DNA fragment length distribution of 
the filtered sequences was analyzed and 
showed a predominance of very short 
sedaDNA fragments (76 bp), as expected 
(Figure 3a). The filtered sequences were 
aligned against both the SILVA SSURef 
NR 132 and the LSURef 132 databases 

(Huson et  al., 2016). Read counts were 
determined for the SSU and LSU mark-
ers and analyzed separately, and then in 
combination, to avoid overrepresentation 
of any given taxon if detected by both. 
The read counts per taxon were summed 
if the taxon was identified exclusively by 
either SSU or LSU, and averaged if iden-
tified by both. 

Using the combined markers showed a 
significant improvement in species reso-
lution for eukaryotes (i.e., an increase in 
the number of eukaryotic taxa detected) 
relative to single markers (91 taxa deter-
mined using combined markers across 
all three samples vs. 59 and 51 for SSU 
and LSU alone, respectively; Figure 3b). 
Approximately 17% of the combined data 
was of eukaryote origin, including fossil-
izing as well as non-fossilizing taxa. For 
example, silica-skeleton-forming diatoms 
(Bacillariophyta) and Radiolaria were 
represented in the sedaDNA data, while 
non-fossilizing taxa such as cnidarians, 
copepods, and molluscs were also pres-
ent (summarized under Eukaryota in 
Figure 3c). While the SSU appeared to be 
better suited for detecting major marine 
groups such as tintinnids (a group of cil-
iates), cnidarians, molluscs, and fish, the 

LSU provided better resolution for crus-
taceans (e.g., copepods) and haptophytes 
(e.g., Phaeophyceae). This example for a 
single sedaDNA sample shows that tax-
onomic resolution can be considerably 
improved when merging information 
from different taxonomic marker genes, 
and that the latter approach may be help-
ful for gaining a much more detailed 
understanding of marine paleocommu-
nities in future sedaDNA studies. 

WHAT DOES THE FUTURE HOLD 
FOR MARINE sedaDNA…
The emergence of the new marine 
sedaDNA research field has shown that 
genetic signals preserved in the marine 
seafloor are a precious reservoir of bio-
logical information that can be used 
for paleoceanographic reconstructions. 
However, several key points have been 
identified to consider in future sedaDNA 
research, outlined below.

…In Terms of Reference Sequences 
and Genetic Databases?
Obtaining a more detailed taxonomic 
picture of marine paleocommunities will 
rely closely upon the continuous addi-
tion of new reference sequences from 

FIGURE 3. Taxonomic resolution achieved through different databases from short reads in meta-
genomic sedaDNA data. (a) Sequence-length distribution of a marine sedaDNA sample (counts 
of filtered reads classified into 51 DNA fragment size classes; sequenced on an Illumina HiSeq 
[2x 150 bp] at Garvan Institute for Medical Research, Sydney, Australia). (b) Total number of eukary-
ote taxa determined from metagenomic sedaDNA in a marine sediment sample using the SILVA 
small-subunit ribosomal RNA (SSU), large-subunit ribosomal RNA (LSU), and both SSU and LSU as 
reference databases. (c) Taxonomic composition derived from metagenomic sedaDNA of the same 
sample based on the combined SILVA SSU+LSU approach.
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modern marine organisms to taxonomic 
databases. This is achieved by both mor-
phological and molecular characteriza-
tion of individual species (e.g.,  through 
the application of single cell genomics), 
providing modern reference genomes 
against which ancient specimens can be 
aligned. Such references will be invalu-
able in efforts to achieve species-level 
community estimates and to detect indi-
cator species of paleoenvironments using 
sedaDNA. Additionally, it is important to 
further optimize and develop bioinfor-
matic tools that enable the streamlined 
analysis of the vast amounts of genetic 
data (millions of sequencing reads) 
generated from highly diverse marine 
sedaDNA samples. Currently, no stan-
dard bioinformatic approaches exist for 
the study of ancient marine sedaDNA, 
and their development should be a focus 
of future research to facilitate rapid analy-
sis and comparison of results across stud-
ies and research groups.

…In Terms of Optimizations of 
Experimental Procedures?
sedaDNA extraction techniques may 
need further optimizations, depending 
on the study organisms. For example, 
diatoms are one of the most productive 
classes of phytoplankton in the Southern 
Ocean and are extremely useful paleo-
environmental indicators due to their 
sensitivity to changing oceanographic 
conditions and their excellent preserva-
tion as microfossils in marine sediments 
(Deppeler and Davidson, 2017). In con-
trast to their prevalence in the micro-
fossil record, diatoms are often under-
represented in sedaDNA data (e.g., Shaw 
et al., 2019), which may be due to biases 
in DNA extraction methods, relatively 
poor preservation of ancient diatom DNA 
possibly linked to physical and chemi-
cal sediment characteristics, and/or cur-
rent limitations in reference databases. 
Continuous improvement of extraction 
methods, application of targeted enrich-
ment approaches, and addition of mod-
ern diatom sequences to genetic refer-
ence databases may help to tackle this 

important question in the future and 
enable detailed investigation of both dia-
toms and similar keystone marine species 
over geologic timescales. 

…With Regard to Authenticity 
Testing of the Ancient Signal?
It will be important to move from 
metabarcoding to metagenomic tech-
niques to allow authentication of ancient 
signals in genetic data (Taberlet et  al., 
2012; Weyrich et  al., 2017; Collin et  al., 
2020). If the study organisms are expected 
to be a rare component of the metage-
nomic data, sequencing depth should 
be maximized, and sedaDNA damage- 
preserving target- enrichment techniques 
should be considered (Horn, 2012). 
Sequence-length distribution analy-
ses offer a simple measure for assess-
ing authenticity of sedaDNA data; how-
ever, DNA damage analysis should be 
applied in the future to test and ensure 
sedaDNA authenticity (Ginolhac et  al., 
2011; Jónsson et al., 2013; Huebler et al., 
2019; Collin et al., 2020), especially when 
working with increasingly old sediment 
samples. Additionally, blank and envi-
ronmental controls should be included in 
the processing and analysis of sedaDNA 
and lists of contaminant taxa made pub-
licly available alongside each study’s 
results. This will allow interlaboratory 
comparisons of common contaminants 
introduced by reagents and/or databases, 
as well as laboratory or extraction meth-
od-specific contaminants, which might 
otherwise confound the results from 
which conclusions are drawn. 

…For the Investigation of 
Species- and Location-Specific 
Degradation Patterns?
Preservation of marine sedaDNA in var-
ious locations should be investigated 
alongside environmental variables that 
might influence preservation and deg-
radation patterns. Taxon-specific degra-
dation patterns and taphonomic biases 
require in-depth investigation to deter-
mine whether calibrations of the commu-
nity data are required in sedaDNA data. 

Much more research is required to deter-
mine the variations in sedaDNA fragment 
size by location, age, and taxonomic com-
position, and the environmental factors 
that contribute to sedaDNA degradation.

The points listed above are fundamental 
aspects to be addressed in future marine 
sedaDNA research, an area that is still in 
its infancy and that holds great potential 
for providing novel insights into the evo-
lution and dynamics of marine ecosys-
tems. Keeping these key points in mind 
is vital to continued efforts to reconstruct 
past marine communities from sedaDNA 
and will help to generate and authenti-
cate better resolved data for exploring in 
detail the history of life in our ocean. 
 

REFERENCES
Amaral-Zettler, L.A., E.A. McCliment, H.W. Ducklow, 

and S.M. Huse. 2009. A method for studying pro-
tistan diversity using massively parallel sequenc-
ing of V9 hypervariable regions of small- subunit 
ribosomal RNA genes. PLOS ONE 4:e6372, 
https://doi.org/ 10.1371/journal.pone.0006372.

Armand, L.K., P.E. O’Brien, and On-board Scientific 
Party. 2018. Interactions of the Totten Glacier 
with the Southern Ocean through multiple gla-
cial cycles (IN2017-V01): Post-survey report. 
Research School of Earth Sciences, Australian 
National University, Canberra, https://doi.org/ 
10.4225/13/5acea64c48693.

Armbrecht, L., M.J.L. Coolen, F. Lejzerowicz, 
S.C. George, K. Negandhi, Y. Suzuki, J. Young, 
N.R. Foster, L.K. Armand, A. Cooper, and others. 
2019. Ancient DNA from marine sediments: 
Precautions and considerations for seafloor cor-
ing, sample handling and data generation. Earth-
Science Reviews 196:102887, https://doi.org/ 
10.1016/j.earscirev.2019.102887.

Armbrecht, L., S. Herrando-Pérez, R. Eisenhofer, 
G.M. Hallegraeff, C.J.S. Bolch, and A. Cooper. 
2020. An optimized method for the extraction of 
ancient eukaryote DNA from marine sediments. 
Molecular Ecology Resources, https://doi.org/ 
10.1111/1755-0998.13162.

Carradec, Q., E. Pelletier, C. Da Silva, A. Alberti, 
Y. Seeleuthner, R. Blanc-Mathieu, G. Lima-Mendez, 
F. Rocha, L. Tirichine, K. Labadie, and A. Kirilovsky. 
2018. A global ocean atlas of eukaryotic genes. 
Nature Communications 9:373, https://doi.org/ 
10.1038/s41467-017-02342-1.

Collin, T.C., K. Drosou, J.D. O’Riordan, T. Meshveliani, 
R. Pinhasi, and R.N.M. Feeney. 2020. An open-
sourced bioinformatic pipeline for the process-
ing of Next-Generation Sequencing derived nucle-
otide reads: Identification and authentication of 
ancient metagenomic DNA. bioRxiv, https://doi.org/ 
10.1101/2020.04.20.050369.

Deppeler, S.L., and A.T. Davidson. 2017. Southern 
Ocean phytoplankton in a changing climate. 
Frontiers in Marine Science, https://doi.org/ 
10.3389/fmars.2017.00040.

De Vargas, C., S. Audic, N. Henry, J. Decelle, F. Mahé, 
R. Logares, E. Lara, C. Berney, N. Le Bescot, 
I. Probert, and others. 2015. Eukaryotic plankton 
diversity in the sunlit ocean. Science 348(6237), 
https://doi.org/10.1126/science.1261605. 

https://doi.org/10.1371/journal.pone.0006372
https://doi.org/10.4225/13/5acea64c48693
https://doi.org/10.4225/13/5acea64c48693
https://doi.org/10.1016/j.earscirev.2019.102887
https://doi.org/10.1016/j.earscirev.2019.102887
https://doi.org/10.1111/1755-0998.13162
https://doi.org/10.1111/1755-0998.13162
https://doi.org/10.1038/s41467-017-02342-1
https://doi.org/10.1038/s41467-017-02342-1
https://doi.org/10.1101/2020.04.20.050369
https://doi.org/10.1101/2020.04.20.050369
https://doi.org/10.3389/fmars.2017.00040
https://doi.org/10.3389/fmars.2017.00040
https://doi.org/10.1126/science.1261605


Oceanography  |  June 2020 123

Direito, S.O., A. Marees, and W.F. Röling. 2012. 
Sensitive life detection strategies for low-biomass 
environments: Optimizing extraction of nucleic 
acids adsorbing to terrestrial and Mars analogue 
minerals. FEMS Microbiology Ecology 81:111–123, 
https://doi.org/10.1111/j.1574-6941.2012.01325.x.

Fulton, T., and B. Shapiro. 2019. Setting up an ancient 
DNA laboratory. Pp. 1–13 in Ancient DNA: Methods 
and Protocols, 2nd ed. B. Shapiro, A. Barlow, 
P.D. Heintzman, M. Hofreiter, J.L.A. Paijmans, and 
A.E.R. Soares, eds., Humana Press, New York, USA.

Ginolhac, A., M. Rasmussen, M.T.P. Gilbert, 
E. Willerslev, and L. Orlando. 2011. mapDamage: 
Testing for damage patterns in ancient DNA 
sequences. Bioinformatics 27(15):2,153–2,155, 
https://doi.org/10.1093/bioinformatics/btr347.

Giosan, L., W.D. Orsi, M. Coolen, C. Wuchter, 
A.G. Dunlea, K. Thirumalai, S.E. Munoz, P.C. Clift, 
J.P. Donnelly, V. Galy, and D.Q. Fuller. 2018. 
Neoglacial climate anomalies and the Harappan 
metamorphosis. Climate of the Past 14:1,669–1,686, 
https://doi.org/10.5194/cp-14-1669-2018.

Guillou, L., D. Bachar, S. Audic, D. Bass, C. Berney, 
L. Bittner, C. Boutte, G. Burgaud, C. de Vargas, 
J. Decelle, and J. del Campo. 2012. The Protist 
Ribosomal Reference database (PR2): A catalog 
of unicellular eukaryote small sub-unit rRNA 
sequences with curated taxonomy. Nucleic Acids 
Research 41(D1):D597-D604, https://doi.org/ 
10.1093/nar/gks1160.

Hagelberg, E., M. Hofreiter, and C. Keyser. 
2015. Ancient DNA: The first three decades. 
Philosophical Transactions of the Royal 
Society B 370(11660), https://doi.org/10.1098/
rstb.2013.0371.

Hübler, R., F.M. Key, C. Warinner, K.I. Bos, J. Krause, 
and A. Herbig. 2019. HOPS: Automated detec-
tion and authentication of pathogen DNA in 
archaeological remains. Genome Biology 20:1–13, 
https://doi.org/10.1186/s13059-019-1903-0.

Horn, S. 2012. Target enrichment via DNA hybridiza-
tion capture. Pp. 177–188 in Ancient DNA (Methods 
and Protocols). B. Shapiro and M. Hofreiter, eds, 
Methods in Molecular Biology, vol. 840, Humana 
Press, https://doi.org/10.1007/978-1-61779-516-9_21.

Huson, D.H., S. Beier, I. Flade, A. Górska, M. El-Hadidi, 
S. Mitra, H.-J. Ruscheweyh, and R. Tappu. 2016. 
MEGAN Community Edition - Interactive explo-
ration and analysis of large-scale microbi-
ome sequencing data. PLOS Computational 
Biology 12:e1004957, https://doi.org/10.1371/journal.
pcbi.1004957.

Jónsson, H., A. Ginolhac, M. Schubert, P.L.F. Johnson, 
and L. Orlando. 2013. mapDamage2.0: Fast approx-
imate Bayesian estimates of ancient DNA dam-
age parameters. Bioinformatics 29:1,682–1,684, 
https://doi.org/10.1093/bioinformatics/btt193.

Keeling, P.J., F. Burki, H.M. Wilcox, B. Allam, E.E. Allen, 
L.A. Amaral-Zettler, E.V. Armbrust, J.M. Archibald, 
A.K. Bharti, C.J. Bell, and B. Beszteri. 2014. The 
Marine Microbial Eukaryote Transcriptome 
Sequencing Project (MMETSP): Illuminating 
the functional diversity of eukaryotic life in the 
oceans through transcriptome sequencing. 
PLOS Biology 12:6, https://doi.org/10.1371/journal.
pbio.1001889.

Llamas, B., P. Brotherton, K.J. Mitchell, J.E. Templeton, 
V.A. Thomson, J.L. Metcalf, K.N. Armstrong, 
M. Kasper, S.M. Richards, A.B. Camens, and 
M.S. Lee. 2015. Late Pleistocene Australian mar-
supial DNA clarifies the affinities of extinct mega-
faunal kangaroos and wallabies. Molecular Biology 
and Evolution 32:574–584, https://doi.org/10.1093/
molbev/msu338.

Murchie, T.J., M. Kuch, A. Duggan, M.L. Ledger, 
K. Roche, J. Klunk, E. Karpinski, D. Hackenberger, 
T. Sadoway, R. MacPhee, and others. 2019. 

PalaeoChip Arctic1.0: An optimised eDNA targeted 
enrichment approach to reconstructing past envi-
ronments. bioRxiv, https://doi.org/10.1101/730440.

Pääbo, S. 1989. Ancient DNA: Extraction, char-
acterization, molecular cloning, and enzy-
matic amplification. Proceedings of the National 
Academy of Sciences of the United States of 
America 86:1,939–1,943, https://doi.org/10.1073/
pnas.86.6.1939.

Quast, C., E. Pruesse, P. Yilmaz, J. Gerken, T. Schweer, 
P. Yarza, J. Peplies, and F.O. Glöckner. 2013. 
The SILVA ribosomal RNA gene database proj-
ect: Improved data processing and web-based 
tools. Nucleic Acids Research 41:D590–D596, 
https://doi.org/ 10.1093/nar/gks1219.

Reuter, J.A., D.V. Spacek, and M.P. Snyder. 2015. 
High-throughput sequencing technologies. 
Molecular Cell 58:586–597, https://doi.org/10.1016/ 
j.molcel.2015.05.004.

Shaw, J.L., L.S. Weyrich, G. Hallegraeff, and 
A. Cooper. 2019. Retrospective eDNA assessment 
of potentially harmful algae in historical ship bal-
last tank and marine port sediments. Molecular 
Ecology 28:2,476–2,485, https://doi.org/10.1111/
mec.15055.

Sun, Z., Z. Jian, J.M. Stock, H.C. Larsen, A. Klaus, 
C.A. Alvarez Zarikian, and Expedition 367/368 
Scientists. 2018. South China Sea Rifted Margin. 
Proceedings of the International Ocean Discovery 
Program, 367/368. International Ocean Discovery 
Program, College Station, TX, https://doi.org/ 
10.14379/iodp.proc.367368.2018.

Taberlet, P., E. Coissac, F. Pompanon, C. Brochmann, 
and E. Willerslev. 2012. Towards next- generation 
biodiversity assessment using DNA metabarcoding. 
Molecular Ecology 21:2,045–2,050, https://doi.org/ 
10.1111/ j.1365-294X.2012.05470.x.

Tanabe, A.S., S. Nagai, K. Hida, M. Yasuike, 
A. Fujiwara, Y. Nakamura, Y. Takano, and 
S. Katakura. 2016. Comparative study of the valid-
ity of three regions of the 18S-rRNA gene for mas-
sively parallel sequencing-based monitoring of 
the planktonic eukaryote community. Molecular 
Ecology Resources 16:402–414, https://doi.org/ 
10.1111/1755-0998.12459.

Tobler, R., A. Rohrlach, J. Soubrier, P. Bover, B. Llamas, 
J. Tuke, N. Bean, A. Abdullah-Highfold, S. Agius, 
A. O’Donoghue, and I. O’Loughlin. 2017. Aboriginal 
mitogenomes reveal 50,000 years of regionalism 
in Australia. Nature 544:180–184, https://doi.org/ 
10.1038/nature21416.

Vuillemin, A., S.D. Wankel, Ö.K. Coskun, T. Magritsch, 
S. Vargas, E.R. Estes, A.J. Spivack, D.C. Smith, 
R. Pockalny, R.W. Murray, and S. D’Hondt. 2019. 
Archaea dominate oxic subseafloor communi-
ties over multimillion-year time scales. Science 
Advances 5:p.eaaw4108, https://doi.org/10.1126/
sciadv.aaw4108.

Wagner, A., N. Blackstone, P. Cartwright, M. Dick, 
B. Misof, P. Snow, G.P. Wagner, J. Bartels, 
M. Murtha, and J. Pendleton. 1994. Surveys of 
gene families using polymerase chain reaction: 
PCR selection and PCR drift. Systematic 
Biology 43:250–261, https://doi.org/10.1093/
sysbio/43.2.250.

Weckström, K., B.R. Roche, A. Miettinen, D. Krawczyk, 
A. Limoges, S. Juggins, S. Ribeiro, and M. Heikkilä. 
2020. Improving the paleoceanographic proxy 
tool kit: On the biogeography and ecology of the 
sea ice-associated species Fragilariopsis ocean-
ica, Fragilariopsis reginae-jahniae and Fossula 
arctica in the northern North Atlantic. Marine 
Micropaleontology 157:101860, https://doi.org/ 
10.1016/j.marmicro.2020.101860.

Weyrich, L.S., S. Duchene, J. Soubrier, L. Arriola, 
B. Llamas, J. Breen, A.G. Morris, K.W. Alt, 
D. Caramelli, V. Dresely, and M. Farrell. 2017. 
Neanderthal behaviour, diet, and disease 

inferred from ancient DNA in dental calculus. 
Nature 544:357–361, https://doi.org/10.1038/
nature21674.

Willerslev, E., and A. Cooper. 2005. Ancient 
DNA. Proceedings of the Royal Society of 
London B 272:3–16, https://doi.org/10.1098/
rspb.2004.2813.

Zhu, F., R. Massana, F. Not, D. Marie, and D. Vaulot. 
2005. Mapping of picoeukaryotes in marine eco-
systems with quantitative PCR of the 18S rRNA 
gene. FEMS Microbiology Ecology 52:79–92, 
https://doi.org/10.1016/j.femsec.2004.10.006.

ACKNOWLEDGMENTS
I thank Leanne Armand and Phil O’Brien, and the 
IN2017_V01 science party and crew (Commonwealth 
Scientific and Industrial Research Organisation 
[CSIRO]/Marine National Facility [MNF]) for their 
help in acquiring the sedaDNA sample that is exem-
plified in this article and for their input into this 
research. I also thank Gustaaf Hallegraeff, Chris 
Bolch, and Alan Cooper for supporting this work, as 
well as Holly Heiniger and Steve Johnson for tech-
nical assistance, and Raphael Eisenhofer, Kieren 
Mitchell, Laura Weyrich, Bastien Llamas, Ray Tobler, 
Vilma Pérez, Oscar Estrada-Santamaria, Yassine 
Souilmi, Yichen Liu, Steve Richards, João Teixeira, 
Christian Huber, Angad Johar, Joshua Schmidt, 
Salvador Herrando-Pérez, Jeremy Austin, Maria Lekis, 
and Adam Wilkins for many constructive discus-
sions around sedaDNA. I am also grateful to Laurie 
Menviel and Katrin Meissner, the organizers of the 
International Conference on Paleoceanography 2019 
(ICP13), where the idea for this manuscript was con-
ceived. I was supported through the 2017 Australian 
Research Council Discovery Project DP170102261, 
by the University of Adelaide School of Biological 
Sciences, and by Past Global Changes (PAGES). 
Detailed information on eukaryote, bacterial, and 
archaeal communities not shown in this paper is 
available on request. 

AUTHOR
Linda H. Armbrecht (linda.armbrecht@adelaide.
edu.au) is Research Fellow, Australian Centre 
for Ancient DNA, Department of Ecology and 
Evolutionary Biology, School of Biological Sciences, 
Faculty of Science, The University of Adelaide, 
Adelaide, Australia.

ARTICLE CITATION
Armbrecht, L.H. 2020. The potential of sedimentary 
ancient DNA to reconstruct past ocean ecosystems. 
Oceanography 33(2):116–123, https://doi.org/10.5670/
oceanog.2020.211.

COPYRIGHT & USAGE
This is an open access article made available under 
the terms of the Creative Commons Attribution 4.0 
International License (https://creativecommons.org/
licenses/by/4.0/), which permits use, sharing, adap-
tation, distribution, and reproduction in any medium 
or format as long as users cite the materials appro-
priately, provide a link to the Creative Commons 
license, and indicate the changes that were made to 
the original content.

https://doi.org/10.1111/j.1574-6941.2012.01325.x
https://doi.org/10.1093/bioinformatics/btr347
https://doi.org/10.5194/cp-14-1669-2018
https://doi.org/10.1093/nar/gks1160
https://doi.org/10.1093/nar/gks1160
https://doi.org/10.1098/rstb.2013.0371
https://doi.org/10.1098/rstb.2013.0371
https://doi.org/10.1186/s13059-019-1903-0
https://doi.org/10.1007/978-1-61779-516-9_21
https://doi.org/10.1371/journal.pcbi.1004957
https://doi.org/10.1371/journal.pcbi.1004957
https://doi.org/10.1093/bioinformatics/btt193
https://doi.org/10.1371/journal.pbio.1001889
https://doi.org/10.1371/journal.pbio.1001889
https://doi.org/10.1093/molbev/msu338
https://doi.org/10.1093/molbev/msu338
https://doi.org/10.1101/730440
https://doi.org/10.1073/pnas.86.6.1939
https://doi.org/10.1073/pnas.86.6.1939
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1016/j.molcel.2015.05.004
https://doi.org/10.1016/j.molcel.2015.05.004
https://doi.org/10.1111/mec.15055
https://doi.org/10.1111/mec.15055
https://doi.org/10.14379/iodp.proc.367368.2018
https://doi.org/10.14379/iodp.proc.367368.2018
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1111/1755-0998.12459
https://doi.org/10.1111/1755-0998.12459
https://doi.org/10.1038/nature21416
https://doi.org/10.1038/nature21416
https://doi.org/10.1126/sciadv.aaw4108
https://doi.org/10.1126/sciadv.aaw4108
https://doi.org/10.1093/sysbio/43.2.250
https://doi.org/10.1093/sysbio/43.2.250
https://doi.org/10.1016/j.marmicro.2020.101860
https://doi.org/10.1016/j.marmicro.2020.101860
https://doi.org/10.1038/nature21674
https://doi.org/10.1038/nature21674
https://doi.org/10.1098/rspb.2004.2813
https://doi.org/10.1098/rspb.2004.2813
https://doi.org/10.1016/j.femsec.2004.10.006
mailto:linda.armbrecht%40adelaide.edu.au?subject=
mailto:linda.armbrecht%40adelaide.edu.au?subject=
https://doi.org/10.5670/oceanog.2020.211
https://doi.org/10.5670/oceanog.2020.211

