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Summary

Recent advances in sequencing technologies now permit the analyses of plant DNA from fossil

samples (ancient plant DNA, plant aDNA), and thus enable the molecular reconstruction of

palaeofloras.Hitherto, ancient frozen soils haveprovedexcellent in preservingDNAmolecules, and

have thus been the most commonly used source of plant aDNA. However, DNA from soil mainly

represents taxa growing a fewmetres from the sampling point. Lakes have larger catchment areas

and recent studies have suggested that plant aDNA from lake sediments is amore powerful tool for

palaeofloristic reconstruction. Furthermore, lakes can be found globally in nearly all environments,

andare therefore not limited toperennially frozenareas.Here,we review the latest approaches and

methods for the study of plant aDNA from lake sediments and discuss the progressmade up to the

present.Weargue that aDNAanalyses addnewandadditionalperspectives for the studyof ancient

plant populations and, in time, will provide higher taxonomic resolution and more precise

estimation of abundance. Despite this, key questions and challenges remain for such plant aDNA

studies. Finally, we provide guidelines on technical issues, including lake selection, and we suggest

directions for future research on plant aDNA studies in lake sediments.
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I. Introduction

Ancient DNA (aDNA) analysis is a young, but rapidly developing,
research field. Since the pioneering work in the 1980s (Higuchi
et al., 1984; P€a€abo, 1984), there has been an exponential increase in
aDNA studies investigating the evolution and ecology of the last
800 thousand years before present (kyr BP).

A Web of Science search on aDNA studies (January 1984–
August 2016, keyword ‘ancientDNA’) detected 2104 papers.Most
have focused on vertebrates, especially humans (50%), whereas
only 5% have focused on plants and ecology (Fig. 1). aDNA from
skeletal remains has been so much easier to study than plant
macrofossils, and the difficulty in obtaining aDNA from charred
specimens, which represent 95%of the plant archaeological record,
may partially explain the lack of plant aDNA papers. Plant aDNA
studies have also been delayed by the difficulty in finding standard
barcode regions useful for all species (universal) and sufficiently
variable to discriminate between taxa. Three important trends are
evident from Fig. 1: (1) the total number of studies has increased
steadily throughout the last three decades; (2) the number of
opinion and methodological papers has accounted for most of the
increase since c. 2004; (3) after three decades of aDNA research,
plants continue to receive limited attention in relation to their
importance in the landscape.

Despite this, plant aDNA research has made dramatic progress
with: (1) the recent adoption of high-throughputDNA sequencing
(HTS) technology; (2) the discovery thatDNAcanbe isolated from
fossil pollen (Suyama et al., 1996; Parducci et al., 2005); and (3) the
finding that plant aDNA can be extracted from ice-cores,
permafrost soil, lake sediments, coprolites and peat cores (see
Rawlence et al., 2014). Since the first research (Willerslev et al.,
2003), a number of studies onpast biodiversity have beenpublished
using aDNA from a variety of palaeoenvironments (references 3–
18 in Pedersen et al., 2015). These studies (see also Table 1) show
howDNA can often identify more species and at higher taxonomic

resolution than those identified by pollen andmacrofossil analyses,
thus providing important ecological and climatic information on
the investigated sites that is otherwise difficult or impossible to infer
(Sønstebø et al., 2010; Parducci et al., 2015). DNA studies
generally identify more herbs (Willerslev et al., 2014; Alsos et al.,
2016) and have greater taxonomic resolution for grasses, thus
providing better information on local biodiversity and for the
reconstruction of palaeoenvironments. The latter is an advantage
compared with pollen, especially at high latitudes/altitudes where
local pollen productivity is low and long-distance pollen dispersal is
more common.

The DNA field, however, is not without technical challenges,
for which specialized techniques and protocols have been
developed (Hofreiter et al., 2001; Chan et al., 2005; Shapiro &
Hofreiter, 2012). It is therefore timely to review recent progress
on plant aDNA studies and to suggest new directions for the
future. We focus our review on lake sediments, because their
geological context provides a robust archive for the retrieval of
plant aDNA through time, and because lakes can be found in all
environments around the world. We synthesize and discuss recent
key findings on DNA from ancient pollen and sediment samples
(see Table 1 for a complete list of studies) and, in particular, the
progress achieved using HTS technologies. Finally, we discuss
issues relating to false positives and the need for authentication
(i.e. replication, use of controls), taphonomic processes and
bioinformatic challenges relating to the newest methodologies
used for taxonomic identification and authentication of aDNA
sequences.

II. Environmental and temporal limits for survival of
aDNA

The temporal limit of DNA preservation is dictated by the rate of
degradation, which varies depending on the source material and
micro-environmental conditions. The most favourable conditions
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(anoxic and frozen/cold) occur in permafrost and ice; here, DNA
can persist in biotic remains and environmental samples (e.g. soils)
for hundreds of thousands of years (Lindhal, 1993; Hofreiter et al.,

2001; Allentoft et al., 2012; Dabney et al., 2013; Orlando et al.,
2014). Currently, the oldest authenticated plant aDNA sequences
are from frozen environments dated between 450 and 800 kyr BP

Table 1 Ancient DNA-related publications from lake sediments sorted by year

Author Sample type Method Region Environment

Coolen & Overmann (1998) Bacteria eDNA Mahoney Lake, British Columbia, Canada Temperate, low altitude
Limburg & Weider (2002) Daphnia Isolation Belauer See Lake, Germany Temperate, low altitude
Reid et al. (2002) Daphnia Isolation English Lake District, UK Temperate, low altitude
Pollard et al. (2003) Daphnia Isolation Hannah Lake, Sudbury, Ontario, Canada Temperate, low altitude
Coolen et al. (2004) Diatoms eDNA Ace Lake, eastern Antarctica Antarctic, low altitude
Bissett et al. (2005) Copepods Isolation Lake Terrasovoje, Antarctica Antarctic, low altitude
Parducci et al. (2005) Pollen Isolation Holtj€arnen, central Sweden Temperate, low altitude
D’Andrea et al. (2006) Algae Filtration > eDNA Søndre Strømfjord, western Greenland Arctic, low altitude
Markov�a et al. (2006) Daphnia Isolation Lakes on Tatra Mts, Carpathians, Hungary Temperate, high altitude
Jiang et al. (2007) Bacteria eDNA Lake Chaka, Tibetan plateau Temperate, high altitude
Mergeay et al. (2007) Daphnia Isolation Lake Naivasha, Kenya Temperate, low altitude
Matisoo-Smith et al. (2008) Plants and metazoa eDNA Round Lake, New Zealand Temperate, low altitude
Coolen et al. (2008) Bacteria eDNA Ace Lake, Antarctica Antarctic, low altitude
Madeja et al. (2009) Bacteria > human eDNA Great Mazurian Lake District, NE Poland Temperate, low altitude
Kojima et al. (2009) Bacteria Filtration > eDNA Lake Mizugaki, central Japan Temperate, low altitude
Epp et al. (2010) Rotifers eDNA Lake Sonachi, Rift Valley, Kenya Temperate, high altitude
Madeja et al. (2010) Bacteria > human eDNA Lake Miłkowskie, north-eastern Poland Temperate, low altitude
Anderson-Carpenter
et al. (2011)

Plants Isolation Great Lakes, North America Temperate, low altitude

Savichtcheva et al. (2011) Bacteria eDNA + isolation Lake Geneva, Bourget, Annecy, French Alps Temperate, low altitude
Xu et al. (2011) Bacteria eDNA Great Wall Bay, Xihu Lake, Antarctica Antarctic, low altitude
Epp et al. (2011) Diatom eDNA Lake Naivasha, Kenya Tropical, high altitude
Magyari et al. (2011) Plants Isolation Retezat Mountains, south Carpathians, Hungary Temperate, high altitude
Parducci et al. (2012) Plants eDNA Central Norway and Sweden Temperate, low altitude
Stoof-Leichsenring et al.

(2012)
Diatoms eDNA Kenya, Lake Naivasha Tropical, high altitude

Xiong et al. (2012) Bacteria eDNA Tibetan Plateau Temperate, high altitude
Ravasi et al. (2012) Bacteria eDNA? Lake Cadagno, Swiss Alps Temperate, high altitude
Pedersen et al. (2013) Plants eDNA Southern Greenland Arctic, low altitude
Parducci et al. (2013) Plants eDNA Central Norway and Sweden Temperate, low altitude
Domaizon et al. (2013) Bacteria eDNA Lake Bourget, French Alps Temperate, low altitude
Boessenkool et al. (2013) Plants eDNA Mt Gahinga, eastern Africa Temperate, high altitude
Giguet-Covex et al. (2014) Plants and metazoa eDNA Lake Anterne, French Alps Temperate, high altitude
Belle et al. (2014) Bacteria eDNA Lake Narlay, Jura Mountains, France Temperate, low altitude
Hou et al. (2014) Plankton eDNA Tibetan Plateau Temperate, high altitude
Randlett et al. (2014) Phytoplankton eDNA Lake Van, Turkey Temperate, high altitude
Madeja (2015) Bacteria > human eDNA Great Mazurian Lake District, Poland Temperate, low altitude
Kyle et al. (2015) Bacteria eDNA Bjørkelangen, Gjersjøen, Hemnessjø lakes, Norway Temperate, low altitude
Pal et al. (2015) Bacteria eDNA Gatineau Park lakes, western Quebec Temperate, low altitude
Pansu et al. (2015) Plants eDNA Lake Anterne, French Alps Temperate, high altitude
Paus et al. (2015) Plants eDNA Dovre region, central Norway Temperate, low altitude
Stoof-Leichsenring et al.

(2015)
Algae eDNA North Siberia Arctic, low altitude

Epp et al. (2015) Algae vascular plants eDNA North Greenland Arctic, low altitude
Capo et al. (2015) Bacteria eDNA Lake Bourget, French Alps Temperate, low altitude
Yang et al. (2015) Bacteria eDNA Qinghai Lake, Tibetan Plateau Temperate, high altitude
Poulain et al. (2015) Bacteria eDNA Hudson Bay, Ontario, Canada, Arctic, low altitude
Wooller et al. (2015) Fish Isolation Quartz Lake, Alaska Arctic, low altitude
Etienne et al. (2015) Bacteria > human eDNA Lorraine Plateau, north-eastern France Temperate, low altitude
Stager et al. (2015) Fish eDNA Lower Saint Regis Lake, Franklin County, NY, USA Temperate, low altitude
Li et al. (2016) Phytoplankton eDNA Qinghai Lake, Tibetan Plateau Temperate, high altitude
Vuillemin et al. (2016) Bacteria > taphonomy eDNA Laguna Potrok Aike, Argentina Temperate, low altitude
Alsos et al. (2016) Plants eDNA Lake Skartjørna, Svalbard Arctic, low altitude
Pedersen et al. (2016) Plants eDNA Peace River, Alberta and British Columbia, Canada Temperate, low altitude
Sj€ogren et al. (2017) Plants eDNA Spectacle Loch, Loch of the Lowes, Scotland, UK Temperate, low altitude

Studies have been organized according to sample type, method used for DNA extraction (environmental DNA (eDNA) or DNA isolated from tissues) and
research environment investigated.
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(Willerslev et al., 2007). Such favourable conditions, however, are
restricted to polar regions and high alpine environments. Plant
aDNA has also been successfully extracted and analysed from arid
and hot environments (Hofreiter et al., 2003; da Fonseca et al.,
2015;Mascher et al., 2016), temperatemiddens and coprolites (see
Rawlence et al., 2014), suggesting that warm temperatures are not
necessarily a barrier for the preservation of DNA molecules.

Several studies have investigated the post-mortem processes
affecting DNA molecules in different tissues. We know that, after
the death of an organism, several intra- and extra-cellular processes
(e.g. enzymatic, hydrolytic and oxidative processes) cause DNA
damage (seen as the misincorporation of C to T and G to A
transitions, primarily towards the ends of the DNA molecules)
(Briggs et al., 2007; J�onsson et al., 2013), eventually leading to
fragmentation of the DNA molecules. The highest success rate for
aDNA isolation is normally obtained from frozen, anoxic or arid
areas, environmentswith limited bacterial abundance and therefore
limited presence of nucleases, which reduce longer nucleic acids to
short molecules (Hofreiter et al., 2001). Nevertheless, exogenous
processes will inevitably lead, eventually, to the destabilization,
fragmentation and damage of DNA, even in good preservation
conditions.

To determine the rate of DNA decay, Allentoft et al. (2012)
quantified the temporal survival of DNAmolecules in bones. They
found a half-life of 521 yr for short (242 base pairs (bp))
mitochondrial DNA (mtDNA) fragments preserved at c. 13°C.
The fragmentation rate, however, was strongly reduced at lower
temperatures, and it was assumed that, under very cold and dry
conditions, short fragments should be retrievable from bone
> 1 million yr old. No similar studies exist for ancient plant tissues,
and there are currently no indications of an age limit for plant
aDNA.Nevertheless, damage for plantDNAalso accumulates with
age (Pedersen et al., 2016). So far, plant DNA has been recovered
and analysed from sediments > 55 kyr BP (Willerslev et al., 2014),
from ice cores dated between 450 and 800 kyr BP (Willerslev et al.,
2007) and from pollen c. 150 kyr BP (Suyama et al., 1996), which
suggests thatDNA studies from lake sediments can potentially span
the Late Pleistocene and Holocene.

III. Lake sediments

During the last decade, molecular ecologists have increasingly
begun to investigate Late Quaternary floristic history using DNA
isolated from pollen and DNA extracted from lake sediments
(pollen DNA and sedaDNA, respectively) for a number of reasons.
We review these below.

1. Lake sediment characteristics

Lakes are excellent sources of sediments containing aquatic and
terrestrial environmental components accumulated over time
and preserved in robust stratigraphic contexts and anoxic
conditions. They offer the best settings for the preservation of
plant aDNA, as the sediments accumulate continuously,
allowing the establishment of high-resolution molecular records
using available geo-chronological methods (Fig. 2a–c), and thus

providing a robust record for the interpretation of the molecular
history. In particular, sediment records from small lakes are
excellent archives for molecular studies, as the effects of
disturbances are low and seem to represent the surrounding
terrestrial environment well (Fig. 3). Lake sediments consist of
variable proportions of autochthonous/allochthonous organic
material (OM) and in-washed inorganic material. Microbial
degradation of OM frequently creates anoxic conditions in the
bottom water and below 1–2 cm sediment depth (Sobek et al.,
2009). Such conditions preclude the presence of burrowing
animals and thus minimize bioturbation, water percolation and
sediment reworking (Pansu et al., 2015), all of which are major
concerns for palaeoecological studies. Water has a maximum
density at 4°C, and so water less dense than this, both warmer
and colder, floats. The net result is that bottom waters become
insulated from the atmosphere, thereby favouring the develop-
ment of anoxia and temperature stability. However, the
temperature of lake water also depends on geography and
depth (Hutchinson, 1957; Wetzel, 2001). If lakes are deep
enough, the water column becomes thermally stratified. During
the summer, surface water warms and establishes a gradient
down to cooler lower water. During the winter, surface water
cools until it reaches 4°C (maximum density), at which point
no more cooling occurs until the whole lake is mixed at 4°C.
Tropical lakes with little seasonal variation in temperature may
have more or less constant temperatures year-round, at a level
similar to ambient temperatures. In temperate and cold regions,
the bottom waters will normally be colder than surface water in
the summer, and at a similar temperature in the winter, when
the whole lake is cold (and may be ice covered). Sediments are
thus in contact with the coldest water, and become insulated
from the atmosphere, favouring the development of anoxia, and
have greater temperature stability, increasing the probability of
DNA survival.

The sediments of lakes in which anoxic conditions dominate can
also be ‘laminated’ (i.e. layers of different composition reflecting
seasonal environmental differences). In some cases, laminated
sediments are sufficiently continuous to provide a temporal record
of layers with annual resolution (Larsen & Macdonald, 1993),
similar to tree rings. Although vertical migration (leaching) of
DNA has been observed in cave sediments (Haile et al., 2007) and
non-frozen soils (Andersen et al., 2011), leaching has not been
observed in lake sediments (Anderson-Carpenter et al., 2011;
Pansu et al., 2015; Sj€ogren et al., 2016). Once embedded in the
sediments, plantmacrofossils andpollen grains, aswell as silica, clay
or organic matter, to which extracellular DNA attach (Pietramel-
lara et al., 2009; Pot�e et al., 2009; Taberlet et al., 2012a), are
unlikely to move vertically. However, re-deposition of sediments
can occur in lakes, contaminating the micro- and macrofossil
recordwith oldermaterial. AlthoughPedersen et al. (2016) recently
found pre-Quaternary re-deposited microfossils in lake sediments
from the Peace River drainage basin in North America, they also
found that the DNA record remained unaffected, probably as a
result of the significant older age and smaller quantities of the re-
deposited material. Nevertheless, re-deposition of material should
not be neglected as a possible source of DNA.
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(a)

(b) (c) (d) (e)

(c)

Fig. 2 Biotic palaeoenvironmental proxies in lake sediments. (a) Sequential environmental development for a temperate region, in which the lake sediments
start to accumulateas theglacial ice retreats, incorporatingglacially erodeddebris and the sparsepioneeringbiota (1),which later is replacedbya tundra-steppe
community (2); then the boreal forest establishes (3) before eventually being replaced by a temperate forest (4). By identifying organisms detectable by DNA,
macro- andmicrofossils accumulated and preserved in the lake sediments (b), it is possible to reconstruct the environments through time (c). It is important to
note that the rate of degradation is strongly correlated with the age of the sediments and that the input concentration (d) varies in different climatic
environments from these three proxies. In addition, the resulting DNA profile (e), as well as macro- andmicrofossils, are influenced by taphonomic processes,
such as differences in biomass production and the distance from source to deposit. This is why a combination of all three proxies makes a more robust
palaeoenvironmental reconstruction. kyr BP, thousand years before present.
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2. Coring techniques for aDNA work

The collection of sediment cores for plant aDNA can be performed
with the same coring devices as used for conventional palaeoeco-
logical work, but some special precautions and procedures may be
necessary to avoid contamination in the field as far as possible.
Corers that enclose the sediment, such as piston or percussion
corers (e.g. Wright et al., 1984; Nesje, 1992), are preferred. Other
frequently used coring systems for palaeolimnology, such as the
Kajak corer orHTHgravity corer (Renberg&Hansson, 2008), can
also be used, and are essential for the collection of surface
sediments. If the coring is performed in winter, there is minimal
risk of contamination by airborne DNA (e.g. in pollen), but even
this can be eliminated by sealing the core tubes (both piston and
gravity systems), for transport to the laboratory, directly in the field.
Additional procedures, including equipment sterilization, are also
available (Feek et al., 2006, 2011). On extruding and opening the
cores, however, itmust be assumed that the surface is contaminated,
and so subsamples must be taken from inside the undisturbed
centre. During subsampling, it is therefore important to remove or
avoid the first 4–10 mm of outer sediment in a clean laboratory
setting, using sterile tools, full bodysuit and gloves to obtain an
uncontaminated sample from within the centre of the core
(Fig. 4a–c). Hence, the core should have sufficient diameter to

allow this. Extra precautions can also be taken by applying a DNA
tracer to the coring equipment, which allows testing for infiltration
by DNA molecules from the outer layers into the inner sampled
sediments (Pedersen et al., 2016), or by having DNA-free water
exposed to air in the laboratory during subsampling as a negative
control.

IV. Perspective for plant aDNA research

Traditionally, lake sediment records have been routinely analysed
for pollen and other plant fossils, which have been the basis of our
understanding of the landscape-scale distribution of plants on
millennial timescales. Plant aDNA now offers the potential of
helping the elucidation of long-standing ecological questions
which cannot be retrieved by classical palaeoecological techniques.
It has been through collaborative work between molecular
ecologists and classical palaeoecologists that robust and reliable
results have been produced recently (Willerslev et al., 2014; Alsos
et al., 2016; Pedersen et al., 2016), and this type of collaboration is
strongly advocated (Hu et al., 2009; Anderson-Carpenter et al.,
2011; Brown et al., 2014). Examples of problems being elucidated
by combining the two disciplines include Reid’s paradox of rapid
plant migration (Clark et al., 1998) and the question of whether or
not trees survived the Last Glacial Maximum (LGM) at high

(a) (b) (c)

(d) (e) (f)
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Fig. 3 Spatial distribution of larger lakes (blue
squares) in the world (source: Natural Earth).
The map shows that lakes are widely
distributed geographically and present in
many different environments. The
photographs exemplify different types of lake
environment: (a) Lake Comarum, south
Greenland; (b) Fiskvatn, Troms, Norway;
(c) Olive-Backed Lake, Kamchatka; (d) Lake
Milluni, Bolivia; (e) Buyan, Bali; (f) Lake
Waikaremoana, North Island, New Zealand.
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latitudes in Europe (Parducci et al., 2012). Here, combined
information from fossils and molecular studies (modern and
ancient) has changed our traditional view of the post-glacial
migration of trees from southern European refugia (Hewitt, 2000;
Stewart et al., 2010). Another example is the limited taxonomic
resolution generally achieved by pollen analysis. Even though such
analyses have recently reached better taxonomic resolution because
of improved identification keys, the work is still time demanding,
and identifications are often at the genus or family level, rarely
species (Faegri et al., 1989). We thus have little understanding
about specific diversity, and even less information about ancient
plant populations. The new possibilities offered by the latest HTS
technologies will probably increase our ability to resolve plant taxa
at the species level and, in addition, elucidate the ancestry and
genetic composition of ancient plant populations. Likewise,
metabarcoding and metagenomic analyses of sedaDNA will
provide more detailed insights into ancient ecosystems and link
changes more tightly to past climate shifts (see section VIII).

V. Sources of pollen, macrofossils and DNA

The majority of lake sediment deposits contain both plant remains
and non-biological material originating from the lake catchment.
In small boreal lakes, it is estimated that c. 70% of the deposited
pollen is from vegetation growing within a few kilometres of the
lake (Jacobson & Bradshaw, 1981). Although the majority of
pollen often derives from high pollen-producing wind-pollinating
plants, which is distributed regionally through the air, the
proportions of pollen from insect-pollinated plants may vary
between sites. Furthermore, in areas of local low pollen production,
the pollen record may be highly affected by long-distance exotic
pollen that is not part of the regional environment (Hyv€arinen,
1970). Despite this, pollen records generally represent the regional
flora. Plant macrofossils, however, are of local origin, as they are
large and have low dispersal and transport capacity (Allen &
Huntley, 1999). The macrofossil record is often dominated by the
aquatic and wetland plants growing in and around the lake, and
terrestrial taxa are often under-represented (Birks, 2003). sedaDNA
seems to have a similar source of origin to macrofossils (Jørgensen
et al., 2012; Pedersen et al., 2013; Alsos et al., 2015; Parducci et al.,

2015). To date, only a few studies have focused on the release and
deposition of DNA in the environment (Pot�e et al., 2007, 2009;
Pietramellara et al., 2009; Barnes & Turner, 2016), and therefore
much remains unknown about the ecology of the DNA – for
example, all processes occurring from source to deposition
(taphonomy). Current sedaDNA results suggest that DNA
extracted from sediments does not derive from actual pollen grains
(Pedersen et al., 2016; Sj€ogren et al., 2016), but from other
components embedded in the sediment matrix; thus, pollen DNA
needs to be extracted directly from single or multiple isolated
grains.

VI. Pollen DNA

Fossil pollen is often abundant and can be well preserved in lake
sediments. Once deposited, pollen remains in situ in the sediments
and there is therefore a high degree of certainty to its stratigraphic
context. Further, aerial transport and rapid burial rates in sediment
result in minimal physical damage to pollen grains and minimal
exposure of the grains to biotic degradation. In addition, the outer
part of pollen grains (exine) is composed of cellulose and
sporopollenin, an acid-resistant polymer that contains saturated
and unsaturated hydrocarbons and phenolics (Southworth, 1974),
and which protects the grains from physical and chemical attack,
aiding pollen preservation in the sediments (Bennett & Willis,
2001). Inside the pollen, after maturation, there are two to three
cells (a large vegetative cell and one to two generative cells) that
comprise the male gametophyte (Fig. 5). The vegetative cell
comprises the cytoplasm, and numerous plastids and mitochon-
dria, which are responsible for the development of the pollen tube
and delivery of the generative cells to the embryo sac together with
the nuclear haploid DNA. Generative cells of pollen from the
majority of plant species contain multiple organelles, including
several copies of organelle DNA (chloroplast (cpDNA) and
mtDNA), regardless of the type of inheritance of these genomes
(maternal or paternal). Some nuclear repetitive regions, such as
internal transcribed spacer (ITS) ribosomal repeats, are also present
in multiple copies in the nucleus of both cell types. During pollen
maturation, however, there is a selective increase or decrease in the
amount of organelle DNA in the generative cells (not in the

(a) (b) (c)

Fig. 4 Afull bodysuit, shoecover, hairnet, facemask, hood,glovesandsleeveguardsarenecessaryduringDNAextraction fromasedimentcore forancientDNA
(aDNA) analyses in an aDNA laboratory (a). During subsampling in a clean laboratory, surface contamination from the sediment core is removedwith sterilized
razors (b), and non-contaminated material from within the intact cores is extracted for DNA extraction (c).
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vegetative) depending on the inheritance pattern (Nagata et al.,
1999; Zhang & Liu, 2003). For example, mature pollen from
species with paternal cpDNA inheritance (the majority of conifers)
contains a regular amount ofmtDNA and cpDNA in the vegetative
cell and an increased amount of cpDNA in the generative cell/s.
However, pollen from species withmaternal inheritance of cpDNA
and mtDNA (most of the angiosperms) contains, at maturation, a
regular amount of both genomes in the vegetative cell and a
decreased amount in the generative cell/s (Fig. 5). All three plant
genomes are therefore present in both pollen types, but the cpDNA
andmtDNAmay be present in different amounts (in the generative
cell/s) in different taxa.

1. Single-pollen genotyping

Petersen et al. (1996) were the first to amplify cpDNA from single
pollen grains (Hordeum and Secale), whereas Suyama et al. (1996)
were the first to amplifyDNA frompeat sediment pollen (fir,Abies)
c. 150 kyr old. Successively, Parducci et al. (2005, 2012) succeeded
in retrieving short cpDNA and mtDNA fragments fromHolocene
Pinus and Picea pollen. A description of the techniques used for the
isolation and direct amplification from single grains is presented in
Box 1 and in Parducci et al. (2005). Later, the same technique was
used to sequence cpDNA from angiosperm fossil pollen from the
Venice Lagoon (Paffetti et al., 2007) and conifer pollen from
glaciers (Nakazawa et al., 2013). Using multiplex PCR and single-

pollen genotyping methods on fresh pollen (Isagi & Suyama,
2010), it is also possible to perform paternity analysis and infer the
pattern and distance of pollen dispersal in modern plant popula-
tions (Matsuki et al., 2007, 2008; Hasegawa et al., 2009, 2015;
Hirota et al., 2013). The potential of single-pollen analysis on fossil
pollen, however, has not been explored further using traditional
PCR-based Sanger sequencing technologies, because the PCR
success rate is low and the time required to handle and prepare the
grains is high. With the advent of HTS technology and, in
particular, the recent availability of methodologies to directly
construct HTS libraries from single cells (single-cell sequencing
technologies, SCS), it should now be possible to investigate more
efficiently individual fossil pollen grains and hence to conduct plant
aDNA studies more effectively, even at the population level (see
section VIII).

VII. Sedimentary aDNA

Different sediment types show distinctive physical and chemical
characteristics that will differentially affect DNA preservation;
thus, DNA survival will vary between different locations. Likewise,
it seems that the extraction of DNA and the removal of inhibiting
substrates require strategies adapted to differences in the sediment
content (Taberlet et al., 2012a; Pedersen et al., 2016). Further-
more, extraction of aDNAmolecules requires optimized protocols
and special laboratory precautions.

Stage 1 Stage 2 Stage 3–5 Types
Inheritance

DNA 

Nucleus

Plastid

Mitochondrion

PMI

Vegetative cell

Generative cell

m+

p+

m+

p–

m–

p+

m–

p–

B/P

B/P

B/P

M

M

B/P

M

M

Fig. 5 Schematic illustrationof the changes in theorganellarDNA fromthe four typesof generative cell present in pollen.Whenchloroplast (p) ormitochondrial
(m) DNA is present in the mature generative pollen cells (m+ or p+), the DNA content per organelle increases after pollen mitosis one (PMI) and during
developmental stages fromuni-nucleate tobi- (or tri-) cellularpollen (stages1–5), and it decreaseswhenorganellarDNA is absent (m�orp�).All the changes in
organellar DNA in the generative cells, whether an increase or a decrease, occur just after PMI, and the mitochondrial DNA and plastid DNA contents are
regulated independently in the vegetative cells. An increase in the organellar DNA occurs with biparental/paternal inheritance (B/P) of the corresponding
organelle, whereas a decrease occurs with maternal inheritance (M) of the corresponding organelle. Figure modified from Nagata et al. (1999).

New Phytologist (2017) � 2017 The Authors

New Phytologist� 2017 New Phytologist Trustwww.newphytologist.com

Review Tansley review
New
Phytologist8



1. Proxy overlapping or complementary

Before a robust inference of past vegetation (presence and
abundance of taxa) can be based on sedaDNA, it is critical to
consider the origin and taphonomy of plant fossil assemblages in
the sediments and the influences of environmental, biological and
physical factors affecting the presence and relative abundance of
their DNA molecules (Jackson, 2012; Barnes & Turner, 2016).

Typically, a low overlap has been found in lakes between pollen
flora and DNA identifications, which has led to the inference that

DNA in lake sediments originates locally (Jørgensen et al., 2012;
Parducci et al., 2013, 2015; Pedersen et al., 2013; Sj€ogren et al.,
2016) (Fig. 6).

Most plant macrofossils found in lakes are from the local
vegetation (Birks, 2013). Despite this, most studies show a low to
medium overlap (12–56%) between taxa recorded by sedaDNA
and macrofossils (Jørgensen et al., 2012; Parducci et al., 2012;
Boessenkool et al., 2013; Pedersen et al., 2013; Porter et al., 2013),
whereas only one study has shown an overlap close to 100% (Alsos
et al., 2016). These differences and the limited overlap found
between proxies may be caused by differences in taphonomic
processes between sites, incompleteness of reference genomic
databases, robustness of the experimental design (Ficetola et al.,
2016), and number of pollen/macrofossils counted vs sequencing
depth (see sections VIII–X).

The most stringent test for the identification of the origin of
sedaDNA is by direct comparisonwithmodern vegetation survey or
with detailed historical vegetation maps. Yoccoz et al. (2012) were
the first to demonstrate that plant diversity detected from
environmental DNA extracted from boreal soil was consistent with
plant taxonomic diversity estimated from conventional above-
ground surveys. To date, we still do not know whether such a good
relationship holds with DNA in lake sediments. In a study from a
high-altitude crater lake inAfrica, Boessenkool et al. (2013) showed
that sedaDNA largely reflected local flora. Similarly, Sj€ogren et al.
(2016) compared DNA, pollen and historical vegetation maps in

DNA–vegetation DNA–pollen DNA–macrofossils

Metabarcoding
trnL

Shotgun
sequencing

Fig. 6 Venn diagrams showing the proportion of plant taxa commonly
detected by different proxies: metabarcoding and shotgun metabarcoding
of sedaDNA (blue), vegetation survey (light green), pollen (yellow) and
macrofossils (dark green). These proportions have so far varied among
different studies and the lower panel showswhatwe can theoretically expect
with shotgun metabarcoding when a full genome reference library is
developed.

Box 1 Isolating single pollen grains for direct PCR

(a) Sieving sediment. Place a small amount (c. 0.2–0.5 ml) of sediment onto a sterile filter with a mesh size slightly larger than the target pollen grains. Add water and

stir sediment with a small spatula. Wash sediment through the filter into a Petri dish. Top up the Petri dish with water.

(b) Isolating pollen grains. Dilute sample so that grains are adequately spaced in the Petri dish, and scan at9100–200 magnification (depending on the size of the

pollen). Once a target grain has been found, switch to a lower magnification, ensuring that the grain can still be seen in the field of view. Place the tip of a glass pipette

into the field of view, and slowly lower it down into the water beside the pollen grain. Capillary action will ensue. Capture the pollen grain as quickly as possible and

remove the pipette from thewater.Transfer thewater from the pipette onto amicroscope slide.Check the droplet at9200–400magnification to ensure that the correct

pollen grain is present. For larger pollen grains and plant fragments, a 1–10 ll pipette can be used to isolate the specimen.

(c) Dilution. Use a 1–10 ll pipette to add several droplets of water to the microscope slide. Capture the pollen in a glass pipette, avoiding as much debris as possible.

Transfer the water from the pipette into a clean water droplet. Check to ensure that the pollen grain is still present. Repeat this process until the pollen grain is isolated

(i.e. no debris is transferredwith the grain). For the final step, capture the grain in the glass pipette, and transfer to a PCR tube. The remainder of the final droplet can be

transferred to another PCR tube as a PCR control for that pollen grain.

(a) (b) (c)

(a–c) Petri dishes containing filtered sediment samples; using a glass Pasteur pipette to isolate pollen grain from Petri dish; microscope slide with water
droplets for sequential dilution of pollen grain.
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two Scottish lakes, and found that sedaDNA was of local origin in
contrastwith regionally dispersed deciduous tree pollen. Finally, in
a comparison of sedaDNA with vegetation surveys of 11 lakes in
northern Norway, the majority of taxa recorded in the sedaDNA
were growing within 2 m of the lake (I. G. Alsos, unpublished;
Alsos et al., 2015). Thus, we conclude that DNA deposition in
lakes is more similar to that of macrofossils than pollen, and
represents flora from within the catchment area. However, with
future improved DNA reference databases, methods and under-
standing, we expect that the increased information gained will lead
to an almost complete overlap between DNA and macrofossils,
but probably not between DNA and pollen (Fig. 6).

2. Taphonomic processes in lake sediments

Taphonomic processes (i.e. dispersal, transport, incorporation and
preservation of fossils and molecules in sediments) can affect
assemblages recovered from sediments (Barnes & Turner, 2016).
How organisms or parts of organisms are preserved in sediments,
and the fact that some are preserved better than others, can
influence the range of taxa identified and therefore result in
molecular and fossil indicators that are ‘silent’. These factors
influence pollen, macrofossil and DNA records in lake sediments
(Fig. 2d,e). Moreover, taphonomic processes clearly vary in their
impact for different indicators, and the relative intensities of the
suite of processes influencing pollen preservation may be different
from those affecting plant DNA and macrofossils.

Lake sediments contain DNA from many different organ-
isms, including cellular DNA from tissues and intact cells, as
well as extracellular DNA. When a plant tissue is degraded and
a cell is lysed, it releases its contents to the surrounding
environment and extracellular DNA can bind to charged
minerogenic and organic particles or remain unbound.
Pietramellara et al. (2009) showed that, in modern soils, once
the DNA binds to a particle, it is immediately protected against
nuclease degradation. This implies that clay-rich soil can be
highly suitable for the protection of DNA against degradation,
as clay particles have a relatively large and charged surface area
(Huang, 2014). Extracellular DNA molecules in soils can also
be taken up by competent prokaryotic cells in a process called
natural transformation. Although it is unlikely that this will be a
large source of ‘plant’ DNA, it remains a possibility (Pedersen
et al., 2015). Whether the plant DNA in lake sediments is
primarily present as extracellular DNA or as small plant parts,
such as leaves, root caps, cells, stems or fruits, remains unclear.

3. Inferring taxa abundance from PCR-based sedaDNA
analyses

As with macrofossils, aquatic plants are well represented in
sedaDNA from lake sediments. The detection of a species in
modern or semi-modern sediments depends onboth the distance to
the lake shore and its abundance in the vegetation (Alsos et al., 2015;
Sj€ogren et al., 2016). For example, the dominant species growing
around lakes are found with a high proportion of DNA reads and
present inmorePCRrepeats formost cases.This also seems tobe the

case for ancient samples, as all species represented from at least one
macrofossil are also detected inmore than one PCR replicate (Alsos
et al., 2016). Nevertheless, for the time being, we should be very
cautious about interpreting quantities of DNA beyond rough
estimates when using PCR-based methods, as several metabarcod-
ing processes may cause bias (e.g. primer binding site, amplicon
length, taxonomy and diversity of extract) (Pornon et al., 2016).

VIII. Recent key findings and future methods using
HTS techniques

HTS expands on traditional PCR-based Sanger sequencing
techniques and has facilitated the rapid development of aDNA
research during the last decade. aDNA molecules converted to
sequencing libraries can now be parallel sequenced massively on
HTSplatforms, such as the IlluminaHiSeq orCompleteGenomics
platforms. HTS approaches have become increasingly affordable
and are now routinely used by most aDNA laboratories, allowing
the screening of sedaDNA from a wide range of complex ancient
substrates. With the newest generation of desktop HTS platforms,
for example NextSeq, even small laboratories can now sequence
their own datasets. There are, in principle, three HTS method-
ological strategies for the analysis of plant aDNA in lake sediments:
metabarcoding or shotgun sequencing of sedaDNA and HTS of
pollen DNA. ‘Metabarcoding’ is a relatively well-established
method, which relies on the information on one single locus; the
second method is newer and relies on shotgun sequencing, that is
sequencing a mixed pool of aDNA. For clarity, it is important to
define this new method. Here, we suggest the term ‘shotgun
metabarcoding’ when shotgun sequencing of environmental DNA
is used to identify taxa, and ‘metagenomics’ when shotgun is used
for functional analyses of the environments. This will allow
researchers to discriminate between studies focusing on taxon
identification and studies focusing on functional and attribute
analysis. In the following paragraphs, we review and discuss the
progress made and the future of these three methodologies.

1. Metabarcoding on sedaDNA

DNA metabarcoding has received enormous attention in the last
decade in many ecological fields (Soininen et al., 2009; Valentini
et al., 2009; Taberlet et al., 2012b). The ability of different
barcodes to target groups of organisms has been investigated in
different environments andunder different conditions (in silico and
in vitro PCR), leading to the conclusion that metabarcoding is
highly applicable for biodiversity screening of modern samples,
which implies a good potential in palaeoecological studies
(Thomsen & Willerslev, 2015).

Metabarcoding has already been used in a variety of palaeoen-
vironmental studies (Willerslev et al., 2003; Valentini et al., 2009;
Taberlet et al., 2012b), including permafrost (Lydolph et al., 2005;
Jørgensen et al., 2011, 2012; Willerslev et al., 2014), mid- to high-
latitude/altitude lake sediments (Coolen & Gibson, 2009; Par-
ducci et al., 2012; Alsos et al., 2015, 2016; Epp et al., 2015; Pansu
et al., 2015; Paus et al., 2015), tropical lake sediments (Boessenkool
et al., 2013; G. F. Ficetola, unpublished) and deposits preserved
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under ice-sheets, even in the absence of visible macrofossil remains
(Willerslev et al., 1999, 2007).

A main advantage of metabarcoding is the possibility to
simultaneously amplify and identify a large number of taxa for
limited cost. Metabarcoding data on plant assemblages from
sedaDNA in an Alpine catchment over the last 6.4 kyr are
comparable with those obtained using relev�ees performed on
modern vegetation, and so it is possible to identify vegetation
changes through time (e.g. shifts from shade-tolerant to helio-
philous vegetation) (Pansu et al., 2015). Plant metabarcoding data
can also be combined with other proxies of past environments to
identify potential drivers of such changes using approaches derived
from community ecology (Giguet-Covex et al., 2014).

The performance of the metabarcoding approach is often
limited if markers are not able to amplify all the present taxa
(universality), and by the capacity to differentiate and identify
closely related species (resolution) (Ficetola et al., 2010; Sønstebø
et al., 2010; Furlan et al., 2016). Therefore, the use of primers
with appropriate features (i.e. ‘universal’ primers amplifying with
high specificity all plants, and achieving a high taxonomic
resolution) (Ficetola et al., 2010; Furlan et al., 2016) is essential
for the success of metabarcoding studies. In aDNA studies, the
choice of the marker is particularly difficult, as prerequisites, such
as minimal bias in amplification of different taxa and short
sequence length, drastically reduce the ability to resolve taxa
(Taberlet et al., 2007). Plant metabarcoding studies can use either
a single marker or a combination of multiple primers to resolve
taxa. For instance, the trnL g/h primers (Taberlet et al., 2007) can
first be used to obtain an overall analysis of plant diversity with a
good resolution for most plant families, and additional primers
(e.g. ITS1-F/ITS1Poa-R for Poaceae and ITS1-F/TS1Ast-R for
Asteraceae) may be added later to increase resolution within
families (Baamrane et al., 2012). We should, however, remember
that different primers might favour the amplification of different
taxa, which may lead to biases in the final results (Yoccoz, 2012).

The power of metabarcoding for vegetation reconstruction is
also dependent on the availability of comprehensive taxonomic
reference libraries needed to identify sedaDNA sequences (Taberlet
et al., 2012b). Unfortunately, for many plant species, there are at
present no sequences deposited in publicly available databases such
as GenBank. However, the number of such sequences is now
rapidly increasing, boosting the utility of this technique for the
investigation of past plant history and population response to
environmental change.

Metabarcoding thus provides a complementary tool to classical
palaeoecological analysis, and the threemain proxies (DNA, pollen
and macrofossils) can be used in combination or singularly
depending on the aim of each study. If the aim is local vegetation
reconstruction, we can either choose DNA or macrofossils, as the
two overlap to a large degree. If the aim is to obtain a more regional
signal from taxa, pollen analysis is probably appropriate if the
taxonomic resolution is sufficient for the aim of the study. If we
want to obtain a general view of plant communities through time,
metabarcoding alone can also be sufficient because the ecological
signal of metabarcoding is often good, and data generation is fast
and cheap.

2. Shotgun metabarcoding on sedaDNA

Shotgun metabarcoding analysis is a newer alternative to the
traditional metabarcoding approach. It relies on shotgun sequenc-
ing DNA (Orlando et al., 2015) from a mixed genetic pool
obtained from environmental samples; computational investiga-
tion, for example bioinformatic analysis, is then used to decipher
the taxonomic composition. The shotgun sequencing approach
traditionally was used for the study of the fraction of un-cultivable
microbes in modern environmental samples (Sharon & Banfield,
2013; Vos et al., 2013) by genome assembly and functional analysis
of themicrobial fraction (Mackelprang et al., 2011).More recently,
shotgun sequencing has been recognized as an important tool for
bypassing DNA barcode amplification biases (Ziesemer et al.,
2015; Pedersen et al., 2016), and also appears to give a more
comprehensive insight into the community composition from all
trophic layers represented by the environmental sample (Pedersen
et al., 2016). Although this approach has played an expanding role
in the study of ancient prokaryotic communities in soil and
sediments (> 90% of DNA molecules in a sample are likely to be
prokaryotic), but also teeth, coprolites, gut and ice (Warinner et al.,
2015; Wood & Wilmshurst, 2016), only one study so far has
published results that are accepted as authentic using shotgun
sequencing data for palaeoenvironmental reconstruction (Pedersen
et al., 2016). There exists a considerable potential for the applica-
tion of low-coverage shotgun sequencing of genomic DNA
(genome skimming) for the study of plant aDNA (Coissac et al.,
2016), but the absence of consensus data processing and lack of
experience of interpreting such datasets make it prone to misin-
terpretations and false positives (Bennett, 2015; Weiß et al., 2015)
(see section X). Species identification using genomic plant data
outside chloroplast barcode regions can be particularly problem-
atic. For instance, of the c. 391 000 vascular plant species existing
on earth (number constantly changing through new discoveries
and taxonomic revisions), only 1092 are represented by complete
chloroplast genomes (National Center for Biotechnological
Information (NCBI) RefSeq database, ftp://ftp.ncbi.nlm.
nih.gov/refseq/release/plastid/ – accessed 31 August 2016). In
addition, taxonomic identifications outside the chloroplast
genome are skewed towards over-represented taxa with fully
sequenced genomes, especially of commercially important species,
such as Zea mays, Triticum aestivum, Solanum lycopersicum,
Hordeum vulgare, Oryza sativa, Nicotiana tabacum and the model
organism Arabidopsis thaliana. The latter are all amongst the 20
most sequenced organisms (number of bases, NCBI, ftp://ftp.ncbi.
nih.gov/genbank/gbrel.txt – accessed 29 March 2016).
Although we can limit false positives and confirm aDNA
authenticity using bioinformatic techniques (see section X),
the lack of genomic references and the limited experience
in interpreting such datasets make proper contextualized biolog-
ical interpretation a necessity. However, reference databases are
quickly improving and on-going projects (e.g. PhyloAlps, https://
www.france-genomique.org/spip/spip.php?article112&lang=fr,
and NorBol, http://norbol.org/) are currently assembling the
entire chloroplast and nuclear ribosomal genomes of the whole
floras of the Alps, Norway and parts of the Arctic (Coissac et al.,
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2016). Shotgun metabarcoding will therefore become an impor-
tant tool in future years, as it will allow the detection of organismal
diversity and, potentially, the differentiation of population
structures, and will further help to bridge the gap between
different scientific disciplines in palaeoecology.

An important advantage of shotgun sequencing is the possibility
to quantify the degree of DNA degradation exerted by the sample,
for example, fragmentation and hydrolysation of cytosines (C),
which results in the accumulating misincorporation frequencies of
thymine (T) instead of C at the ends of the DNAmolecules during
sequencing (J�onsson et al., 2013). Lastly, it has been shown recently
that DNA damage correlates with the age of the lake sediments
(Pedersen et al., 2016) and should therefore be used as an
independent tool for aDNA authentication.

3. HTS on pollen

Recently, Suyama & Matsuki (2015) developed a method for the
construction of HTS libraries and the genotyping of genome-wide
single nucleotide polymorphisms (SNPs) from low-quantity DNA
templates, termed ‘multiplexed inter-simple sequence repeat
(ISSR) genotyping by sequencing’ or ‘MIG-seq’. Unlike standard
methods based on restriction enzyme steps that require large
amounts of good-quality DNA templates, the MIG-seq procedure
is based on an initial PCR step and can therefore discover and
genotype de novo SNPs starting from reduced amounts of DNA.
The technique has been applied recently to modern pollen of
Hemerocallis and also tested on Pinus pollen a few years old
collected from subsurface snow layers on a glacier (Y. Suyama,
unpublished). The MIG-seq technique on the glacier pollen was
first combined with a whole-genome amplification (WGA) step
and successfully detected good-quality SNPs in an ancient pine
population.

A more efficient way of analysing ancient pollen is to construct
HTS libraries directly from single pollen grains isolated from
sediments, employing the SCS technology. SCS is a powerful new
set of technologies for the parallel sequencing of hundreds of single
cells isolated from complex populations (Wang & Navin, 2015).
SCS methodology on fossil pollen seems at the moment the best
available approach for the efficient investigationof largenumbersof
grains, and a good alternative to the more time-consuming single-
pollen genotyping technique (Parducci et al., 2005). Because pollen
is normally abundant in lake sediments, thismethod offers a unique
opportunity for analysing the genetic structures of large numbers of
single plant individuals simultaneously, over different spatial and
temporal time scales (from decades to millennia). In order to
sequence a single cell frompollen, single grainsmust first be isolated
from sediments and cleaned carefully. Many different approaches
can be used for the capture and cleaning of single grains taken at
random from the abundant pollen populations usually present in
sediments: mouth or hand pipetting under amicroscope (see Box 1
and Parducci & Suyama, 2011), serial dilution, flow-assisted cell
sorting (FACS), microfluidic manipulation (Wang & Navin,
2015), flow sorting or micro-manipulation (Kron & Husband,
2012). Pollen walls must be disrupted to allow DNA release for
successivePCRamplification andHTS library construction. Before

pollen disruption, pollen grains can also be screened for DNA
content by stainingpollen suspensionswithDAPI (40,6-diamidino-
2-phenylindole), so that the grains can be selected based on DNA
content usingfluorescence-basedflow cytometry (L. Parducci, pers.
comm.). To break down the highly resistant pollen walls, bead
beating with glass or ceramic beads can be used (Roberts, 2007) to
avoid theuse of chemicals or enzymes thatmay later interfere during
amplification. Alternative methods involve the use of detergent-
based or enzymatic lysis agents. The use of an extraction buffer
containing proteinase K, sodium dodecyl sulfate (SDS), tris-HCl
and EDTA has previously been used successfully to extract DNA
from manually-crushed fossil pollen grains (Parducci & Suyama,
2011).After breaking thepollenwall theSCSapproachmay involve
first whole genome amplification using multiple displacement
amplification (MDA) to obtain a reasonable quantity of DNA for
genomic analysis. Successive downstream analyses involve library
construction for HTS sequencing through the direct PCR ampli-
fication of short regions of interest (e.g. the trnL g per hour cpDNA
region, 10–143 bp (Taberlet et al., 2007; Isagi&Suyama,2010))or
whole genome sequencing (Troell et al., 2016) with the incorpo-
rationof indexing adapter tags and sequencing Illumina adaptorson
each pollen grain.

IX. Challenges when studying aDNA from lake
sediments

1. Contamination, laboratory analyses and experimental
setup

Contamination of low-concentration aDNA samples with high-
concentration modern DNA poses a challenge that should not be
taken lightly, and special precautions should always be taken in all
steps of analyses (Fulton, 2012). There is no single strategy valid for
the avoidance of all possible contamination sources occurring from:
(1) laboratory facilities; (2) cross-contamination; and (3) reagents
used during extraction and downstream preparation before
sequencing. In general, multi-strategy procedures should be
employed (Champlot et al., 2010) to avoid contamination.
However, although contamination from laboratory facilities and
cross-contamination are strictly related to the facilities and
experience/training of the workers, and can be more easily taken
under control, contamination from reagents, which are known to
contain DNA, especially of common food plants, is more difficult
to control. First, not all reagents can be filtered, UV exposed,
bleached or DNase treated (the preferred decontaminating
method). Second, even when treated, short DNA molecules can
still persist and be a source of geneticmaterial during extraction and
downstreamhandling.We therefore stress the importance of always
using experimental controls covering all reagents and all steps
during handling. It is equally important that the experimental setup
is properly designed, thus enabling an understanding of pre-
analysis workflows and results for better and future-proof data
production. This involves steps from sample collection and
laboratory work to eventual multiplexing of the DNA libraries
for sequencing, and in which vital discoveries have been made
(Murray et al., 2015; Schnell et al., 2015; Ficetola et al., 2016).
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Several publications have addressed the issues of contamination
and how to authenticate aDNA (Gilbert et al., 2005; Hebsgaard
et al., 2005; Sawyer et al., 2012; J�onsson et al., 2013), and two
important authentication methods are now used to make aDNA
inferences highly robust: replication and the use of controls, and
DNA damage estimates.

2. Replication and use of controls

The extensive use of controls and replicated analyses is an important
strategy ensuring the quality of aDNA results. First, multiple
extraction and PCR controls must be performed and sequenced to
detect sporadic contaminants. Taxa that are detected at a significant
rate within controls (usually from known food or exotic plants) are
usually easy to recognize and must be removed from analyses
(Cooper & Poinar, 2000; Ficetola et al., 2016). Alternatively, if a
taxon is sporadically present within controls, but is abundant in test
samples, statistical tests can assess whether the detection within
HTS samples is significantly higher than the contamination rate
(Champlot et al., 2010). The use of positive controls is a further
strategy to limit false positives and false negatives. De Barba et al.
(2014) added to their analyses positive controls made by mixing
DNAof known concentration from four knownplant species. After
HTS, they detected in positive controls several sequences at very
low frequencies, which did not belong to any of the species actually
present. This result was then used to identify a frequency threshold,
which allowed the detection and removal of sequences representing
low-frequency noise, without removing species that were actually
present in the sample. The use of positive controls is, however, risky
in aDNAanalyses and should be avoidedwhen possible, as it is itself
a potential source of contamination (Cooper & Poinar, 2000).
Species that are exotic to the study area (e.g. tropical species in
studies focusing on the boreal flora) can be suitable positive
controls, as their eventual contamination of the samples can be
easily spotted.

Reproducibility is another key criterion to ensure the quality
of results (Cooper & Poinar, 2000). Alsos et al. (2016)
compared aDNA with macrofossils and concluded that all
common species could be detected using one DNA extraction
and one PCR per sample, independent of sample age. However,
increasing the number of extractions or PCR repeats increased
the chances of detecting rare species. When the probability of
detecting the species of interest is low because of either low
biomass in the local environment or high degradation caused by
age or temperature, multiple PCR replicates are needed for a
more complete description of communities. Simulation studies
have shown that performing 6–12 PCRs from the same extract
may produce robust results (Ficetola et al., 2015). Unfortu-
nately, increasing repeats can have the drawback of increasing
the probability of detecting false positives (Ficetola et al., 2015),
but the benefit of detecting the species generally outweighs the
problems of false positives. When multiple samples are analysed
multiple times (e.g. in studies analysing time series), site-
occupancy detection models allow the estimation of the true
frequency of the species, its detection probability and the false
positive rate (Ficetola et al., 2015; Lahoz Monfort et al., 2016).

Bayesian models can therefore allow the integration of prior
information and the contamination rate of a specific taxon
obtained, for example, from the analysis of controls (Lahoz
Monfort et al., 2016).

3. Authentication of ancient origin (DNA damage)

In all aDNA sequences, an excess of C-to-T transitions is observed
at the 50 and 30 ends of molecules. This pattern of post-mortem
damage increases over time (Sawyer et al., 2012; Pedersen et al.,
2016), and the increased frequency of C-to-T transitions can be
used as a tool to distinguish aDNA sequences from modern
contaminants (Briggs et al., 2007). The bioinformatic tool package
MAPDAMAGE2.0 (J�onsson et al., 2013) provides a way to quantify
the rate of DNA damage. This led Weiß et al. (2015) to develop a
specific computational approach for comparing DNA damage
patterns of putative aDNA with modern DNA, and thus
confirming whether or not a sequence was of ancient origin. The
method may be particularly useful for the validation of future
metagenomic studies.

X. Bioinformatic processing

1. Metabarcoding bioinformatics

HTSgenerates largeDNAdatasets that require dedicated programs
for analyses. There are a number of bioinformatic steps to follow
after DNAmetabarcoding sequencing on Illumina platforms. The
first three steps involve the assembly of paired-end reads, the
assignment of HTS reads to samples or demultiplexing (metabar-
coding studies generally analysemultiple samples within eachHTS
run) (Coissac, 2012 and subsequent papers) and the filtering of
erroneous sequences originating from nonspecific amplification
andPCR/sequencing errors.The latter task is often critical to ensure
the quality ofmetabarcoding data, and canbe achievedby removing
sequences that are too short/too long relative to the known features
of the used barcodes and chimera sequences, or sequences that
probably represent punctual errors (e.g. nucleotide substitutions,
small insertions/deletions) originating during PCR. Furthermore,
sequences with just one read (singletons) or two reads in one sample
canbe artefacts (DeBarba et al., 2014;Elbrecht&Leese, 2015), and
should generally be filtered. If sequencing depth is high, it is even
possible to find thousands of reads which do not correspond to real
barcodes. Therefore, the treatment of rare sequences remains a
major challenge of metabarcoding data analysis (Ficetola et al.,
2016). The fourth bioinformatic step is clustering, which merges
sequences belonging to the same molecular operational taxonomic
units (MOTUs). The fifth and final step is the taxonomic
assignment of sequences to currently known taxa. This is generally
performed by comparing the retrieved sequences with reference
databases, which can either be broad databases, such as GenBank
(Benson et al., 2013) or ENA-EMBL (Leinonen et al., 2011), or
high-quality reference databases containing the verified and curated
sequences of potentially present species, such as the Arctic plant
database (Sønstebø et al., 2010) or the on-going PhyloAlps and
NorBol projects (Coissac et al., 2016). Multiple bioinformatics
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tools are currently available, and amore detailed description can be
found in Notes S1 in the Supporting Information.

2. Shotgun metabarcode bioinformatics

The idea of processing shotgunmetabarcode data is to take allDNA
sequences present in a sample dataset, align them against a reference
database, parse the alignment information, assign a taxonomic label
to each read and thereby generate the taxonomic profile of the
metagenome/sample. For short-read alignment, standard pro-
grams, such as BWA (Li &Durbin, 2009) and BOWTIE2 (Langmead
& Salzberg, 2012), are often used to align reads to reference
sequences; however, they offer no tools to decipher between the
alignments or for downstream handling, and additional tools and
further analyses are therefore required. Over recent years, several
tools for taxonomic profiling of shotgun sequence data have
therefore been developed. Overall, these can be categorized as tools
using all available sequences (GenBank), such as MEGAN (Huson
et al., 2007), which can also be used for metabarcoding, the
metagenomic MG-RAST server (Wilke et al., 2015), EBI-
METAGENOMICS (Mitchell et al., 2016), CLARK (Ounit et al., 2015),
HOLI (Pedersen et al., 2016),KRAKEN (Wood&Salzberg,2014) and
KAIJU (Menzel et al., 2016), and tools using selected marker genes,
such asMETAPHLAN (Segata et al., 2012), MOTU (Sunagawa et al.,
2013) and METABIT (Louvel et al., 2016). Pipelines, such as MG-
RAST and EBI-METAGENOMICS, accept raw and untrimmed datasets,
and are able to parse these through piped-programs aligning against
in-house databases and, eventually, DNA, performing sequence
classification and graphical presentation. Themajority of the tools,
however, are designed and optimized for fast and accurate
alignments (e.g. BWA and BOWTIE2) or for alignment and eventual
DNA sequence classification (e.g. KRAKEN,HOLI, CLARK andKAIJU)
against custom-built databases. Alternatively, unique marker-gene
databases are used to lower computational time and for robust
abundance estimates, taxon classification (e.g. METAPHLAN and
MOTU) and graphical presentation (METABIT).

Although the accuracy and speed of these tools make shotgun
metabarcode dataset analysis fast and easy to perform (for, more

details, see Lindgreen et al., 2016), a common issue is that they are
designed for modern sequencing datasets and for analysis of the
microbial fraction, and only two of the tools (i.e. MG-RAST and
EBI-METAGENOMICS) contain plant reference sequences within their
databases unless the database is custom built. However, none of
these tools is designed for aDNAanalysis and they therefore lack the
stringent and robust criteria required for the taxonomic consider-
ation of short and damaged reads. Schubert et al. (2012) compared
different computational methods for improving the accuracy and
sensitivity of aDNA sequence identification, and showed that the
use of reads ≥ 30 bp increases the quality of alignments to modern
reference genomes and lowers the number of false positives.
Currently, from the limited number of studies of ancient plant
shotgun metabarcoding, the data indicate that the sequence-to-
reference similarity for taxonomic consideration should be as high
as 100%. An in silico test, modelling shotgunmetabarcode libraries
inferred with sequencing errors, found that errors or nucleotide
substitutions can lead to false positives in ancient metagenomic
datasets (Pedersen et al., 2016). However, these false positives
appear as low-abundance random ‘background’ noise, and can thus
be avoided by setting a minimum number of reads as a threshold.
Although the size of this threshold seems to depend on the number
of reads sequenced, the exact size and nature for setting this
threshold remain unknown and probably vary with the genomic
composition of the sample. No clear-cut choice exists for the
metagenomic analysis tool, but with the criteria suggested above
taxonomic inference will become more robust. We furthermore
urge that biological interpretation is always accompanied by aDNA
authentication (J�onsson et al., 2013).

One major bioinformatic challenge lies in the choice of the
reference database, which affects the taxonomic profiling of a
metagenome and therefore should be selected with care. Ideally, if
all organismal DNA was sequenced, we could rely on alignments
against all reference sequences and could eventually use a lowest
common ancestor algorithm to resolve reads with alignment
against multiple species. Such a method, with no ‘a priori’
assumption about the environment or species composition in a
sample, is objective and would be the preferred methodology.
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Fig. 7 Representation of the chain of
processes involved in the transformation of
plant information present in the three lake
sediment assemblage types: pollen (P),
macrofossils (M), ancient DNA (aDNA).
Current understanding of the processes is
indicated as good (+++), reasonable (++) or
poor (+). The publications on which the levels
of understanding are based are shown in
Table 1. Modified from Birks & Birks (2016)
and based on Jackson’s (2012) general
conceptual model for the representation of
floristic material in palaeoecological
assemblages. na, not applicable.
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Pedersen et al. (2016) employed this methodology to data from
ancient lake sediments using NCBI’s nucleotide database, and
showed that, using stringent assignment criteria even to a non-
complete database, the plantmetagenomic profile at the genus level
was in line with taxa found frompollen,macrofossils and the faunal
record. However, the full effect of the choice of database still
remains unexplored and future studies are needed to investigate the
potential consequences of this.

Finally, it is important to emphasize that, as a result of the nature
of an environmental DNA sample, the majority of the sequenced
DNA obtained using a shotgun metabarcoding approach cannot
usually be identified with the databases currently available
(Pedersen et al., 2016). Often, > 90% of the reads produced
cannot be aligned to a reference and, in most cases, < 2% of the
reads are unique to any taxon. However, as more genomes become
available, these proportions will improve.

XI. Conclusions and directions for future research

Despite early challenges, the field of aDNA has lately experienced a
massive improvementmethodologically, technologically and in the
understanding of the underlying processes bywhich environmental
DNA information is transferred and transformed in lake sedi-
ments. This has resulted in new and better use of the technique in
lakes and a refined understanding of important long-standing
palaeoecological issues. We expect that the applicability of both
shotgun and conventional metabarcode analysis of sedaDNA and
SCS on pollen will continue to improve in the coming years, as
HTS methods become more refined and less expensive, and the
genomic reference databases improve. In Fig. 2, we show our
interpretation of how the biotic palaeoenvironmental proxies in
lake sediments originate, accumulate and develop through time. In
Fig. 7, we show our understanding of the chain of processes
involved in the transformation of pollen, macrofossils and aDNA.
Below, we present a number of conclusions drawn from this review
and from papers from Table 1 that we hope will be useful for plant
aDNA researchers.
(1) With the methodological, technological and experience
improvements achieved over the past decade, plant DNA from
lake sediments has now become an established tool for the analysis
of past vegetation in combination with classical palaeoecological
analyses. At the same time, as it provides a local proxy, it will play a
key role in the identification of ‘fossil silent diversity’ useful for
understanding past vegetation change and for modelling the
vegetation response to future climate changes.
(2) Lake sediments will continue to provide continuous archives
with a fine temporal and spatial resolution, allowing the establish-
ment of good molecular records for past vegetation history and the
possibility of distinguishing origin, dispersal and ancestry of plant
species and populations through time.
(3) Ancient plant DNA from lake sediments will, in time, become
more precise at determining the local vegetation relative to
macrofossil and pollen analysis.
(4) An improved understanding of DNA taphonomy from lake
sediments now allows a better understanding of the origin and fate
of plant aDNA molecules during and after deposition in lakes.

Further understanding of these processes is crucial, particularly
those involved in DNA preservation (temperature, pH, adsorption
onto mineral surfaces and oxygen availability) to improve the
determination of the power and limitations of the new tools
presented in this review.
(5) SCS profiling of pollen from lake sediments will probably
increase in the coming years and become an important tool for the
investigation of histories and dynamics of plants at the population
level.
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