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Abstract

Plant and animal biodiversity can be studied by obtaining DNA directly from the envi-
ronment. This new approach in combination with the use of generic barcoding primers
(metabarcoding) has been suggested as complementary or alternative to traditional biodi-
versity monitoring in ancient soil sediments. However, the extent to which metabarcod-
ing truly reflects plant composition remains unclear, as does its power to identify species
with no pollen or macrofossil evidence. Here, we compared pollen-based and metabar-
coding approaches to explore the Holocene plant composition around two lakes in cen-
tral Scandinavia. At one site, we also compared barcoding results with those obtained in
earlier studies with species-specific primers. The pollen analyses revealed a larger num-
ber of taxa (46), of which the majority (78%) was not identified by metabarcoding. The
metabarcoding identified 14 taxa (MTUs), but allowed identification to a lower taxonomi-
cal level. The combined analyses identified 52 taxa. The barcoding primers may favour
amplification of certain taxa, as they did not detect taxa previously identified with spe-
cies-specific primers. Taphonomy and selectiveness of the primers are likely the major
factors influencing these results. We conclude that metabarcoding from lake sediments
provides a complementary, but not an alternative, tool to pollen analysis for investigat-
ing past flora. In the absence of other fossil evidence, metabarcoding gives a local and
important signal from the vegetation, but the resulting assemblages show limited capac-
ity to detect all taxa, regardless of their abundance around the lake. We suggest that met-
abarcoding is followed by pollen analysis and the use of species-specific primers to
provide the most comprehensive signal from the environment.

Keywords: ancient DNA, barcoding, environmental DNA, palaeoecology, pollen

Received 5 November 2012, revision received 18 January 2013; accepted 29 January 2013

Correspondence: Laura Parducci, Fax: +46184716484; Introduction
E-mail: laura.parducci@ebc.uu.se

| . Historically, much of what we know about plant
Present address: Department of Palynology and Climate

Dynamics, University of Gottingen, UntereKarspule 2, 37073, Comml.lmty distribution in the.past comes from palae.o—
Géttingen, Germany ecological records such as fossil pollen and macrofossils

?Present address: Murdoch University Ancient DNA Laboratory, accumulated in lake and peat sediments. These records
Murdoch University, Perth, Australia have provided important information for reconstructing

© 2013 Blackwell Publishing Ltd



2 L. PARDUCCI ET AL.

past migration of plants in response to climatic change
and have indicated that plant taxa have expanded and
contracted their ranges many times during the last gla-
cial and interglacial cycles. Pollen assemblages, how-
ever, include pollen grains from both local and distant
sources, and their ability to detect the presence of low-
density populations or taxa producing low amounts of
pollen is in most of the cases limited. In such cases,
plant macrofossils offer a better taxonomical and spatial
resolution and have proven to be an excellent comple-
mentary tool to pollen analysis (Birks & Birks 2000;
Binney et al. 2009; Paus et al. 2011; Valiranta et al. 2011);
however, their sample size is often limited.

Plant macrofossils, when preserved under optimal con-
ditions, may also offer a good source of material for
molecular analysis. In a recent study, Anderson-Carpenter
et al. (2011) successfully amplified DNA from macrofos-
sil samples up to 4600 years old from Holocene lake
sediments in the western Great Lakes region of North
America, matching the taxonomic identity of the macro-
fossils from which they were extracted, 79% of the time.
Plant ancient DNA (aDNA) has been extracted from a
different number of other fossil tissues (Hofreiter et al.
2000; Gugerli et al. 2005; Palmer et al. 2012), including
pollen (Parducci et al. 2005) and even from mixed
sources like Pleistocene coprolites (fossilized faeces)
(Poinar ef al. 1998; Gilbert et al. 2008). More recently,
DNA has also been extracted from soil and lake
sediments [(environmental DNA (eDNA)], providing
important information on species presence in cold and
temperate environments during the late Pleistocene and
Holocene and revealing, in some cases, the presence of
taxa that were not detectable by fossil analysis (Willers-
lev et al. 2003, 2007; Lydolph et al. 2005; Taberlet et al.
2007; Munch et al. 2008a; Senstebe et al. 2010; Jorgensen
et al. 2012; Parducci et al. 2012). Plant DNA from sedi-
ments is believed to originate principally from somatic
tissues like rootlets and leafs, and less so from pollen
(Jorgensen et al. 2012), as DNA in the pollen is only
present in small amounts and the success rate of direct
amplification of pollen is low (Parducci et al. 2005),
particularly when extracted from mixed environmental
samples. Ancient eDNA records seem therefore to
directly reflect the local plant composition (Jergensen
et al. 2012; see also Yoccoz et al. 2012).

These considerations open new possibilities for
aDNA-based plant assessments using eDNA. The meta-
barcoding analysis, or the biological identification of
taxa from environmental samples against a database/
library of reference sequences (Hebert et al. 2003), is a
promising method in such contexts as, in principle,
local presence of organisms can be tested, even when
these are present at very low density, or when they do
not produce pollen (e.g. during harsh environmental

conditions). Recently, the method has been further
improved by the introduction of next-generation sequenc-
ing of amplified pieces of DNA (amplicons) (Binladen
et al. 2006; Haile et al. 2009), allowing the sequencing of
thousands of reads from a single DNA extract. The
choice of the fragment to amplify for barcode identifica-
tion, however, has been more problematic in plants
than in animals, due to extensive occurrences of phe-
nomena like hybridization, introgression and incom-
plete sorting of ancestral polymorphisms among plant
species. Hollingsworth et al. (2009) recommended the
two-locus combination of rbcL and matK plastid mark-
ers as a generic barcode for plants. This approach has
proven to be the best so far, but it relies on the amplifi-
cation of a long DNA region that is unrealistic to
amplify from degraded aDNA molecules. For this rea-
son, Taberlet et al. (2007) proposed the short P6 loop
region of the trnL intron plastid DNA fragment as the
marker of choice for ancient biodiversity assessment in
mixed sediments. Together with the recent establish-
ment of an arctic reference database containing 842
plant species representing all widespread and/or eco-
logically important taxa of the arctic flora [GenBank
accession nos GQ244527 to GQ245667 (Senstebg et al.
2010)], and new statistical tools for sequence identifica-
tions (Munch et al. 2008a,b), the metabarcoding technique
reportedly allows identification at lower taxonomic
level than a traditional pollen-based analysis. For exam-
ple, using the ftrnL primers on old permafrost soil
samples from Russia dated 27 900 and 19 000 calibrated
years before present (cal. yr BP), Senstebe et al. (2010)
were able to assess a set of species present in the
respective local (regional) flora and identify as many as
65 different molecular taxonomic units [i.e. clusters of
specimens based on sequence identity (MTUs)] at
different taxonomic levels. The recent application of the
metabarcoding technique to 18 ancient permafrost
samples spanning the Late Pleistocene (46 000-12 500
cal. yr BP) from the Taymyr Peninsula in northern
Siberia showed that the pollen, macrofossils and eDNA
approaches are complementary rather than overlapping
(Jorgensen et al. 2012) and, together, reveal more detailed
information on the composition of past plant communi-
ties than can be achieved by each individual approach.
Also, in layers dated c. 22 000 cal. yr BP from Andeya
(northern Norway), the metabarcoding approach
recently allowed the identification of tree taxa (spruce
and pine) not detected by pollen or macrofossils,
suggesting glacial survival of these taxa in the region
(Parducci et al. 2012).

The short trnL marker is therefore suitable for plant
identification, particularly where a limited number of
taxa are present within families, like in arctic and boreal
environments or in old samples (late glacial or early
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Holocene) from temperate regions, as here fewer taxa
may be present. The strength of this marker resides in
the universality of its primers (designed to be generalist
and amplify DNA from as many species as possible)
and in their ability to amplify short fragments (the
length of the trnL fragment varies from 10 to 143 base
pairs (bp) in the arctic database) (Taberlet et al. 2007),
thus increasing the chance of amplifying fragmented
DNA molecules from ancient sediments. In addition,
plastid DNA is present with multiple copies per cell
and is therefore very common in many plant tissues
(Preuten et al. 2010; Rauwolf et al. 2010), improving the
chances of DNA survival and detection in old sedi-
ments. However, the robustness of the system in envi-
ronments with a larger number of taxa (e.g. younger
sediments from Arctic and boreal regions or sediments
from temperate and tropical regions) remains to be
tested. Jorgensen et al. (2012) concluded in their study
that the trnL system suffers from sequence selectiveness
owing to primer binding biases and to differences in
the abundance of target sequences among plant species
and tissues within species. Indeed, it has been demon-
strated that generic primers may fail to detect rare spe-
cies, particularly when their DNA is mixed with DNA
from other more targeted taxa as they will preferably
bind to common DNA templates (Murray et al. 2011).

In this study, we evaluated the power of the metabar-
coding technique to assess the presence of plant taxa
through time on lake sediments from a boreal environ-
ment, and the ability of the trnL primers to reveal the
presence of taxa not detected by pollen analysis. We
tested these generic markers on bulk DNA sediments
from two lakes and compared the results with those
previously obtained in an earlier study on the same
sediments at one of the two sites, using species-specific
primers (Parducci et al. 2012). The aim was to explore
the extent to which the metabarcoding technique can
retrieve DNA signal from old sediments and to investi-
gate the selectiveness of the systems in identifying dif-
ferent plant taxa. Our attempt focused on the Scandes
Mountains in central Scandinavia, as here Holocene
vegetation change has already been established by
numerous palynological studies (Birks & Birks 2000;
Seppa & Bennett 2003; Giesecke & Bennett 2004; Gies-
ecke 2005; Eide et al. 2006). This region is also an area
of major palaeoecological interest due to megafossil
finds of boreal trees dated to more than 11 500 cal. yr
BP, when most of central Scandinavia was believed to
be still covered by ice (Kullman 2002). These finds
include remains of birch (Betula pubescens), pine (Pinus
sylvestris) and spruce (Picea abies), which gave rise to
speculations about the survival of some of these species
off the Norwegian coast during the last glacial maxi-
mum. Scattered Picea pollen occurs in late-glacial and
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early-Holocene sediments in northern Scandinavia;
however, these low pollen values have typically been
considered a result of long-distance transport from the
same regions (Huntley & Birks 1983). In an earlier
study, Parducci et al. (2012) showed the presence of
P. abies on the Scandes Mountains using species-specific
primers on bulk lake sediments dating back to 10 400
cal. yr BP, where no pollen was observed. These results
combined with results from modern and aDNA from
other sites showed that P. abies was present in Norway
during the early Holocene, where it probably occurred
in few numbers in the landscape and likely reproduced
by vegetative propagation, so leaving no trace in the
palynological record.

Materials and methods

Sampling sites

Our samples came from two lakes, Rundtjerna and
Klocka, situated c. 35 km apart, on different sides of the
Scandes Mountains at the Norwegian-Swedish border
in central Scandinavia (Fig. 1). Klocka (325 m as.l,
63°17'59" N 12°29'58" E) is the more southerly and the
larger (c. 1000 m x 150 m), located in the Jamtland
region in central Sweden, and has a maximum water
depth of 10 m. Rundtjerna is smaller (c. 200 m x 100 m;
526 m a.sl., 63° 22' 32" N, 11°49'44” E) and located in
north Trendelag (central Norway), with a maximum
water depth of 3 m. The lakes are situated within the
northern boreal zone nowadays dominated by Picea
abies and Pinus sylvestris.

Sampling and radiocarbon dating

The sediments were obtained in 2008 using a Living-
stone corer (Wright et al. 1984) at maximum water
depth by coring from winter ice. The corer used was
similar to the device described by Feek et al. (2011) to
collect sediment cores for analysis of uncontaminated
DNA, except that it was water-filled (rather than air-
filled). Initial surface sterilization was not carried out
because subsequently filling the tube with nonsterile
media (whether air or water) and movement of the
sediment through the core tube (in both designs) cause
surface contamination, which must be removed in the
laboratory in any case. In addition, dissolved DNA
from lake water is not a contaminant. The degradation
of DNA in water has been investigated experimentally,
and it has been shown that even short 100-bp eDNA
sequences degrade to subdetectable levels within days
(Thomsen et al. 2012a,b).

Fieldwork and all laboratory analyses were per-
formed during winter, to avoid the period of pollen
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Fig. 1 Map of Norway and Sweden showing the location of
the study sites. R: Lake Rundtjorna (Trendelag, Norway);
K: Lake Klocka (Jamntland, Sweden).

release of extant vegetation. After the cores were
extruded, they were immediately wrapped in plastic
film and aluminium foil, kept cold in the field, trans-
ported to the palaeoecological facility at the Depart-
ment of Earth Sciences of Uppsala University, a
building free from DNA research, and stored at 5 °C.
Here, sampling and manipulation of the cores were
performed in a room equipped for pollen analysis
(GEO room). Disposable and sterilized tools were used
and changed between samples to avoid cross-contami-
nation.

For molecular analyses, we collected 18 samples (nine
from each core; c. 10 g wet weight; Table 1). The exter-
nal 2-cm part from the surface of the sediment was dis-
carded during core processing, following normal
palaeoecological practice (e.g. Moore et al. 1991) to
avoid all contamination, including from exogenous
plant DNA (Feek et al. 2011), and the rest was stored in
a sterile plastic tube at —20 °C until DNA extraction.

For comparison, we collected c. 0.5-g samples at the
same levels sampled for molecular analysis, and a mini-
mum of 500 pollen grains and spores of terrestrial vas-
cular plants were counted and identified, if possible, in
each. Pollen processing followed the methods described
in Bennett & Willis (2001). Pollen of aquatic plants and
mosses (Sphagnum) spores were excluded from the total
pollen sum. Pollen taxonomy follows Bennett (2004),
modified for Sweden using the checklist by Karlsson
(1998).

The lake sediment core from Rundtjerna was dated at
the Tandem Laboratory, Uppsala University, Sweden.
The age model was based on radiocarbon dates of
seven macrofossils and two bulk samples that have
been converted into calendar years using oxcaL 4.1 with
IntCal09 (Ramsey 2008; Reimer et al. 2009) and are
quoted as cal. yr BP. The model is constructed using
the depositional model in oxcaL 4.1 with a k-value of
100 yielding Amoder = 81%. All molecular, pollen and
dated samples derived from highly organic sediment
retrieved at various depths (Table 2).

DNA extraction, PCR setup and sequencing

We extracted DNA in dedicated aDNA facilities at the
Centre for GeoGenetics of the University of Copenhagen,
following established aDNA precautions (Willerslev et al.
2004). The 18 samples were extracted all in one batch
that included two negative controls to monitor for pos-
sible contamination during extraction (extraction blank).
We used a combined Sergey Bulat protocol and Cambio
PowerMax™ Soil DNA isolation kit protocol (Mo Bio
Laboratories, Cambridge, UK), which employs a silica
clean-up method (Haile et al. 2009). Approximately 10 g
wet weight of sediment was subsampled, placed in
PowerMax Soil PowerBead tubes (Cambio) and dis-
solved in 24 mL lysis buffer (Bulat ef al. 2000). The
tubes were then agitated vigorously for 1 min and left
to incubate overnight at 65 °C under gentle agitation.
Following extraction, eDNA was purified using the
PowerMax™ Soil DNA Isolation Kit protocol following
manufacturer’s instructions.

PCR amplifications of the trnL fragment with the g and
h primers (Taberlet et al. 2007) were performed indepen-
dently in two experiments at Uppsala and Copenhagen
University following established aDNA methodologies
(Willerslev et al. 2004). At Uppsala, we cloned and
Sanger-sequenced the PCR products, and in Copenha-
gen, we used the next-generation sequencing technique.

At Uppsala University, we set up two replicates of
PCRs. The first was performed in the GEO room and
the second in a laboratory dedicated to aDNA analysis
of pollen at the Evolutionary Biology Centre (EBC
room). Both GEO and EBC rooms were physically sepa-
rated from the laboratory where we later performed the
cloning experiments. In total, we ran 102 PCRs in multi-
ple batches that included a maximum of five PCRs and
a negative control (PCR blank). We used the Qiagen
Multiplex PCR kit, following the protocol from the
manufacturer and with 40 amplification cycles. The vol-
ume of the reaction mixtures was 20 puL, comprising
3 uL of DNA template, 1x Multiplex PCR Master Mix
(Qiagen), 0.2 pm of each primer and water for adjusting
the final volume. After amplification, 5 uL. of PCR
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Table 1 Sediment samples used for palynological and barcoding analyses at Rundtjerna (RD) and Klocka (KL), with summary of the
results obtained after multiple PCR amplifications of the trnL (g/h) fragment using the cloning and Sanger sequencing technique.
Depths are given in centimetres from the top of the sediments. Only amplifications showing fragments of expected size, with no

amplifications in the corresponding PCR control, were cloned

Plant
sequences Unknown Bad-quality
Sample Depth (cm) PCR runs Fragments Clones assigned plant sequences sequences
RD1 1 8 5 113 97 5 11
RD2 25.5 19 5 25 23 0 2
RD3 50 — — — — — —
RD4 69.5 6 2 19 12 2 5
RD5 99.5 10 5 23 16 2 5
RD6 146 — — — — — —
RD7 184 13 5 26 18 5 3
RD8 220 — — — — — —
RD9 258 4 1 41 25 15 1
Total RD 60 23 247 191 29 27
KL1 1 — — — — — —
KL2 20 — — — — — —
KL3 40 — — — — — —
KL4 65 8 1 1 1 0 0
KL5 110 12 4 3 1 2 0
KL6 140 — — — — — —
KL7 180 14 5 6 4 2 0
KL8 215 6 5 30 23 7 0
KL9 270 2 2 16 7 2 7
Total KL 42 17 56 36 13 7
Total 102 40 303 227 42 34

Table 2 Radiocarbon dates from Rundtjerna calibrated for the
age model. Depths of the samples are given in cm from the
top of the sediments

Laboratory  Depth Model age
no. (cm) Material ~ 14C age BP  (cal. yr BP)
Ua-39895 13-14 Macro 1369 + 32 1290
Ua-39896 4647 Macro 2197 + 31 2230
Ua-39897 76-77 Bulk 3151 £ 30 3380
Ua-39898 105-106 Macro 3624 + 34 3940
Ua-39899 134-135 Macro 4412 £ 31 4990
Ua-39900 165-166 Macro 5226 + 38 5990
Ua-39901 193-194 Macro 5930 + 41 6760
Ua-39902 222-223 Macro 6930 + 52 7770
Ua-39903 256-257.5 Bulk 9233 + 52 10390

products were screened on 2% agarose gels. From the
positive amplifications, we purified 2 uL using ExoSAP-
IT (Affymetrix, Inc.) and used this for cloning with the
CloneJet™ PCR Cloning Kit (Fermentas), following
manufacturer’s instructions. All clones with inserts of
expected sizes were sequenced using Macrogen DNA
Sequencing service (Korea).

© 2013 Blackwell Publishing Ltd

At Copenhagen University, PCR amplifications were
performed with the trnL primers containing a 46-bp
flanking sequence for the GS FLX sequencer and an
8-bp ‘barcoding’ tag to enable differentiation of the
samples after sequencing. Amplifications were per-
formed in a 25-pL final volume, using 1 pL of DNA as
template in an amplification mixture containing 1.0 U
Platinum® Taq High-Fidelity DNA Polymerase (Invitro-
gen, Carlsbad, CA), with 1x HiFi buffer, 5 mm MgSO,,
0.2 mm dNTP, 1 mg/mL bovine serum albumin (BSA)
and 0.4 mm of each primer. The DNA was subjected to
55-60 cycles of PCR (4-min initial denaturation at 97 °C,
45 s at 94 °C, 45 s at 55 °C, 45 s at 68 °C and a final
cycle at 72 °C for 10 min). PCR products were checked
on 2% agarose gels, and for each sample, 2—4 PCR repli-
cates were purified using the E.Z.N.A.® Gel Extraction
kit (Omega). Amplification products were sequenced on
the Roche GS FLX DNA sequencing platform following
the manufacturer’s guidelines for amplicon sequencing.

Taxonomical assignment

Sanger sequences were aligned using BIOEDIT v. 7.1.3.0
(Hall 1999) to identify errors due to base call misidentifi-
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cations, postdamage lesions and possible polymorphism.
After alignment, they were compared to GenBank and to
the arctic database [GenBank accession nos GQ244527 to
GQ245667 (Senstebg et al. 2010)]. As the arctic database
includes few boreal species, we also created a database
that included part of the arctic database and boreal plant
taxa occurring at our study site (45 families, 126 genera
and 190 boreal plant species in total) (Table S1, Support-
ing information). For taxonomic assignment, we adopted
a conservative approach to avoid incorrect conclusions
due to sequencing or PCR error. We assigned only those
sequences that differed by a maximum of two nucleo-
tides from those matching from the databases and
retained also sequences with type 1 and type 2 transi-
tions substitutions (adenine <> guanine and thymine <
cytosine) that are typically present in fragments ampli-
fied from damaged aDNA templates (Hansen et al. 2001;
Binladen et al. 2006). Sequences with more than two
nucleotides difference were not assigned and were
considered of unknown plant origin, even if they could
be identified to family or higher taxonomic levels.

The next-generation sequences were aligned and sorted
based on their barcoding tag (zero mismatches permitted)
using GeENEloUus v. 5.4.1 (Biomatters, New Zealand).
Alignments were performed using sioepit v. 7.1.3.0 (Hall
1999), and only sequences containing PCR primers (two
mismatches allowed) were retained (Margulies et al.
2005; Balzer et al. 2010). As the Roche GS FLX platform
can be inaccurate reading homopolymers longer than
5-8 bp (Balzer et al. 2010), all marker sequences shorter
than 20 bp were filtered out. Assignments were
performed manually following the same procedure used
for the Sanger sequences but we retained only sequences
with a 100% match. To account for sequencing or PCR
errors, all sequences represented by less than three reads
(copies) were removed from the data set.

Results

Chronological analysis

Chronological control of the Rundtjerna sediment
record is presented in Table 2. The core spanned the
11 000 years of the Holocene. The radiocarbon-dated
macrofossils and bulk samples showed an increasing
age trend with increasing depth, and given the good
agreement between bulk and plant macrofossil dates,
the bulk samples were also included in the constructed
age model. Age determinations were internally consis-
tent, and the constructed age-depth model suggested a
relatively constant sediment accumulation rate during
the last 11 000 cal. yr BP (Fig. 2).

The pollen record from Klocka and Rundtjerna
followed similar trends (see ‘Pollen analysis’ below),

reflecting vegetation changes synchronous with other
sites from the region (Segerstrom & von Stedingk 2003;
Giesecke 2005); therefore, dates for the Klocka samples
can be approximately estimated on the basis of the Run-
dtjerna data, by comparison of pollen spectra.

Pollen analysis

Pollen analysis revealed P. sylvestris, Betula sp. and
alder (Alnus sp.) as the taxa that dominated the forest
around the two lakes throughout the Holocene (Fig. 3).
The lowermost two samples from Rundtjerna captured
the spread of Alnus sp. at around 9500 cal. yr. BP. The
lowest sample at Klocka already contained a high pro-
portion of Alnus pollen indicating that the sample dated
to after 9500 cal. yr. BP. The decline in the abundance
of Alnus sp. during the mid-Holocene was compensated
by an increase in Pinus sp. mainly at Rundtjerna, while
Klocka showed a larger abundance of Betula sp.

Picea abies pollen was only important in the upper
samples from both sites, while its amount only indi-
cated abundance of the tree for the uppermost sample
from Rundtjerna.

In total, we identified 33 families and 46 taxa by pol-
len and spore analysis: eight families included decidu-
ous trees and shrubs, two families of conifers (Pinaceae
and Cupressaceae), three families of Pteridophytes

R_Date Ua-39895

05 . R_Date Ua-39896

R_Date Ua-39897,

R_Date Ua-39898

R_Date Ua-39899

Depth (m)

R_Date Ua-39900

R_Date Ua-39901

R_Date Ua-39902

2.5+
R_Date /a-39903

12000 10000 8000 6000 4000 2000 O
Modelled age (years BP)

Fig. 2 Age model for Rundtjorna.'*C ages are calibrated with
oxcaL v 4.1.7 (Ramsey 2008).
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(Lycopodiaceae, Equisetaceae and Huperziaceae) and
one bryophyte family (Sphagnaceae). The other nineteen
families were represented mainly by herbaceous plants
(Fig. 3).

Molecular analyses

At Uppsala University, we obtained DNA amplifica-
tions from a total of 11 samples from the two lakes, six
at Rundtjerna and five at Klocka (Table 1). In total, we
performed 102 PCR amplifications that yielded 40 PCR
fragments (23 from Rundtjerna and 17 from Klocka),
with no visible bands on agarose gels in the corre-
sponding PCR blanks. After cloning, we obtained 384
colonies in total, of which 303 gave correct inserts after
screening on agarose. After sequencing analysis and fil-
tering for sequencing and PCR errors, the 303 colonies
yielded 227 plant sequences (191 at Rundtjerna and 36
at Klocka). Thirty-four were rejected because of bad
quality, showing no cloning insertion or chimera prod-
ucts (i.e. spurious sequences derived from more than
one DNA template). The 227 plant sequences could be
assigned to 10 MTUs from eight different families
(Table 3), matching known plant taxa from our data-
base, all currently present at our study region (Table S1,
Supporting information). Four MTUs were identified at
the species level: rowan (Sorbus aucuparia), grey alder
(Alnus incana), common aspen (Populus tremula) and
common heather (Calluna vulgaris), while the rest were
identified to species group or genus level.

At Copenhagen University, the PCR was successful for
a total of 12 samples from the two lakes, with extraction
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and PCR controls remaining clean. Next-generation
sequencing however, worked for eight samples, one from
Rundtjerna and seven from Klocka (Table 4), that gener-
ated sequences with a mean of 4886 reads per sample.
After filtering for products shorter than 20 bp, we
obtained between 141 and 704 sequences per barcode tag.
Rejection of sequences represented by less than three
reads resulted in a total of 526 unique sequences with a
number of copies varying from three to 7089. The selected
sequences were assigned to eight different families and
10 MTUs, all matching known plant taxa from our
database (Table 4). Four MTUs were identified at the
species level [S. aucuparia, A. incana, P. tremula and
common mare’s-tail (Hippuris vulgaris)], one at the family
level (Fabaceae) and the rest at the genus level.

In total, from the two lakes, we identified 14 MTUs
and 11 families with the barcoding analyses (Table 5).
Betulaceae sequences occurred with high frequency
(the large majority belonging to A. incana and Betula
sp.), while the rest of the sequences belonged to the
temperate and arctic families Salicaceae (with three
sequences identified as P. tremula), Brassicaceae and
Poaceae. At Klocka, we also detected DNA signal from
other tree taxa, also identified by pollen, like Betula
sp., willow (Salix sp.), Populus sp. and S. aucuparia. At
Rundtjorna, most of the sequences matched with
Nymphaea/Nuphar spp. (Nymphaeaceae) (in 79% of the
cases with the Sanger technique and in 71% of the
cases with the next-generation sequencing technique),
while the rest were assigned to species or a group of
species belonging to the four major temperate and
arctic families Rosaceae, Brassicaceae, Asteraceae and
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Table 3 Number of sequences obtained after cloning and Sanger sequencing the plastid frnL fragment from Rundtjerna (RD) and

Klocka (KL) with respective taxonomic assignment

Sample age (cal. yr BP)

900 1600 3000 3900 6500 10400

RD1 RD2 RD4 RD5 RD7 RD9

KL4 KL5 KL7 KL8 KL9 Sum Family

Taxonomic assignment

Genus Species

97 20 7 8 18 25 9 184  Nymphaeaceae Nymphaea  N. tetragona/
Nuphar N. pumila/N. lutea
3 3 Rosaceae Sorbus S. aucuparia
2 5 12 Betulaceae Alnus A. incana
1 4 7 Betula B. pubescens/B. nana
1 4 2 7  Brassicaceae Arabidopsis ~ A. arenosa/A. lyrata
subsp. petraea
3 3  Salicaceae Populus P. tremula
4 Asteraceae Saussurea S. alpina/
4 Lactuca L. sibirica/
Taraxacum  T. croceum
1 1  Ericaceae Calluna Calluna vulgaris
1 1  Poaceae Poa P. alpina/P. pratensis/
P. trivialis
2 1 2 5 Elymus E. repens'E. mutabilis|
Leymus L. interior/L. arenarius
5 2 2 5 15 2 2 7 42 Plant sequences
not assigned
102 23 14 18 23 40 1 3 6 30
220 49 269

Poaceae. In general, and with the exception of S. aucu-
paria, the taxa at Rundtjerna belonged to herbaceous
plants like grasses (Elymus/Leymus sp. and Poa sp.),
rock-cress (Arabidopsis sp.), dandelion (Taraxacum sp.),
lettuce (Lactuca sp.) and alpine saw-wort (Saussurea alp-
ina), regardless of the sequencing technique used
(Tables 3 and 4). The large amount of Nymphaeaceae
sequences obtained with Sanger/cloning at Rundtjerna
should not be taken as indication of the amount of
DNA present in the sediments. With the Sanger tech-
nique, one should refer to the number of fragments
obtained from each sample rather than to the number
of sequences obtained after cloning. This is because a
fragment from younger templates may give a larger
number of colonies compared to a fragment from older
sediments, as the number of recombinant cells with
correct insertion tends to decrease with poorer/older
amplifications. Nevertheless, we find the molecular
results to agree sufficiently well with the pollen data at
Rundtjerna where water lily (Nymphaea alba) had three
temporal occurrences and Nuphar sp. one. Both species
were absent from the pollen records at Klocka, and
here barcoding with Sanger/cloning revealed only one
occurrence. Because Nymphaeaceae are rooted aquatics
with a large amount of biomass in the lake and its sed-

iment, but the flowers and pollen are emergent, it is
reasonable that DNA may be well represented in
sediment, while pollen is less.

Comparison of the barcoding and the pollen results

Overall, the combined analyses (pollen and metabarcod-
ing) recognized 52 different taxa, identified at different
taxonomic levels, from species to family. The level of
taxonomic classification varied within proxy, and each
identified a varying number of taxa within five different
plant groups: trees and shrubs, herbs, graminoids, ferns
and aquatic plants (Table 5). The two proxies were only
partially overlapping as only 25% of the taxa were
detected by both techniques. Of the taxa identified by
pollen analyses (46), the majority (78%) could not be
detected by metabarcoding, but the latter technique
identified taxa to a lower taxonomic level. Mosses, ferns
and some families within the group of trees and shrubs
(e.g. Pinaceae) were identified by pollen or spores only.
Within herbs and graminoids, three families were
detected by both techniques (Asteraceae, Ericaceae and
Poaceae), and the taxonomic level differed extensively
between them. For aquatic plants, the DNA and the
pollen assignments were similar.

© 2013 Blackwell Publishing Ltd
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Table 4 Number of unique identical sequences (minimum 3) obtained after amplification and next-generation sequencing analysis of
the plastid trnL fragment from Rundtjorna (RD) and Klocka (KL) with respective taxonomic assignment. The range of identical

sequences varied between three and 7089

Sample age
(cal. yr BP)
7800 Taxonomic assignment
RD8 KL1 KL2 KL4 KL5 KL6 KL8 KL9 Sum Family Genus Species
75 75  Nymphaeaceae Nymphaea Nuphar N. tetragona/
N. pumila/N. lutea
49 49  Rosaceae Sorbus S. aucuparia
61 30 15 46 22 174  Betulaceae Alnus A. incana
30 30  Fabaceae
2 Salicaceae Populus P. tremula
1 1 Salix S. reticulata/S. glauca
4 Hippuridaceae Hippuris H. vulgaris
3 3 Poaceae Poa P. alpina/P. pratensis/P. trivialis
100 52 152 Elymus Leymus E. repens/E. mutabilis/
L. interior/L. arenarius
36 36  Apiaceae Angelica A. sylvestris/
Heracleum H. sphondylium
105 100 61 8 36 64 47 28
421 526
. . also abundantly through the core, but they were not. In
Discussion

Contamination from contemporary vegetation

Recently, several DNA analyses on fossil remains have
shown that ancient sequences can be distinguished
from contaminants on the basis of nucleotide misincor-
poration rates (Lindahl 1993; Hoss et al. 1996; Olivieri
et al. 2010) and that the majority of aDNA damage is
reflected by type 2 (cytosine—thymine/guanine—
adenine) transitions (Sawyer et al. 2012), while type 1
transitions are essentially PCR artefacts. In our study,
the alignment of all cloned ancient sequences identified
several characteristic damage-induced errors of type 1
and 2 (see Data accessibility), and the positions of these
substitutions differed in bacterially cloned PCR ampli-
cons. In addition, negative results obtained from an
array of multiple negative controls used during DNA
extraction and PCRs indicate that our sequences come
from endogenous DNA. More importantly, at both
lakes, we found no substantial difference between the
molecular data obtained in two independent experi-
ments, performed in separate laboratories (Uppsala and
Copenhagen), and using different techniques (Sanger
and next-generation sequencing technique, respec-
tively). Finally, were contamination present, taxa cur-
rently abundant in the catchment as blueberry and
lingonberry (Vaccinium spp.) should have been found

© 2013 Blackwell Publishing Ltd

addition, we followed all conventional protocols for
avoiding contamination: careful core storage, cleaning
of cores before sampling and sampling from the
undisturbed interior of a core in clean laboratories and
with clean instruments. For all these reasons, we
exclude that contemporary vegetation was a source for
eDNA in our samples.

Comparison of the barcoding and the pollen results

The comparison between pollen and barcoding results
provided important information that can be summa-
rized as follows: (i) the pollen and barcoding analyses
resulted in largely nonoverlapping species/taxon lists,
(ii) the two analyses each detected likely a subset of the
total flora present in each period; hence, none alone
was totally comprehensive; (iii) pollen-limited plants
were more easily found in the DNA record, and bar-
coding was therefore a significant complement to pollen
analysis; (iv) the barcoding analysis allowed in general
identification at lower taxonomic level than pollen-
based analysis; (v) unlike the pollen results, the barcod-
ing analysis showed different results at the two lakes,
with a better correspondence between methods found
at Klocka; (vi) there was no substantial difference
between barcoding data obtained with the Sanger vs.
next-generation sequencing technique; (vii) the molecu-
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Table 5 Taxa detected from Rundtjerna (RD) and Klocka (KL) after barcoding and pollen analysis. Taxa indicated by an asterisk
were found in both proxies

Barcoding
Family Taxon Sanger Next-gen. Pollen
Trees and shrubs Pinaceae Pinus sylvestris KL RD
Picea abies KL RD
Betulaceae Betula sp.* KL KL RD
Alnus sp.* KL KL KL RD
Corylaceae Corylus avellana-type KL RD
Cupressaceae Juniperus communis KL RD
Salicaceae Salix sp.* KL KL RD
Populus sp.* KL KL KL RD
Ulmaceae Ulmus sp. KL RD
Oleaceae Fraxinus excelsior RD
Tiliaceae Tilia cordata KL
Elaeagnaceae Hippophae rhamnoides KL RD
Rhamnaceae Frangula alnus KL RD
Fagaceae Quercus sp. KL RD
Rosaceae Sorbus aucuparia* RD KL KL KL RD
Filipendula sp. KL RD
Dryas octopetala RD
Potentilla-type RD
Rosaceae indiff. KL RD
Herbs Fabaceae RD
Plantaginaceae Plantago sp. KL
Brassicaceae Arabidopsis sp. RD KL
Apiaceae Heracleum sphondylium/ KL
Angelica sylvestris KL
Asteraceae Taraxacum croceum/* RD KL RD
Lactuca sibirica/* RD Asteraceae-liguliflorae
Saussurea alpina RD
Artemisia-type RD
Asteraceae-tubuliflorae KL RD
Polygonaceae Rumex acetosa RD
Chenopodiaceae RD
Ericaceae Vaccinium-type KL RD
Calluna vulgaris* RD KL RD
Empetraceae Empetrum nigrum KL RD
Scrophulariaceae Melampyrum sp. KL RD
Menyanthaceae Menyanthes trifoliata RD
Campanulaceae RD
Caryophyllaceae KL
Ranunculaceae Thalictrum sp. KL RD
Valerianaceae Valeriana sambucifolia KL
Graminoids Cyperaceae KL RD
Typhaceae Typha latifolia RD
Poaceae Poa alpina/pratensis/trivialis* RD KL KL KL RD Poaceae undiff.
Elymus repens/mutabilis/* RD KL KL
Leymus interior/arenarius*® RD KL KL
Mosses Lycopodiaceae Huperzia selago KL RD
Lycopodiaceae Lycopodium annotinum KL RD
Lycopodium alpinum RD
Sphagnaceae Sphagnum sp. RD KL
Ferns Indet. KL RD
Horstails Equisetaceae Equisetum sp. RD KL
Aquatic plants Hippuridaceae Hippuris vulgaris KL
Nymphaeaceae Nuphar sp.* RD KL RD KL
Nymphaea sp.* RD KL RD RD
Potamogetonaceae Potamogeton sp. RD KL
Unknown/not assigned RD KL KL RD
Total number of taxa or MTU 14 46
Total number of families 11 33
Total number of taxa; both proxies 52

© 2013 Blackwell Publishing Ltd
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lar analyses failed to detect some major tree taxa
detected in the pollen record (e.g. P. sylvestris and
P. abies) previously identified in the same sediments
using species-specific primers (Parducci et al. 2012).

The main result was that the pollen and molecular
analyses resulted in largely nonoverlapping species/
taxon lists, and this was in good agreement with recent
results from Jorgensen et al. (2012). Our comparison
showed complementary data rather than overlapping,
with each proxy able to detect likely a subset of the flora
around the lakes, and confirming that neither of the two
methods is totally comprehensive. An example of good
complementarity between proxies was the ability of bar-
coding to detect pollen-limited plants like H. vulgaris,
Taraxacum sp., S. alpina, wild angelica (Angelica sylvestris)
and common hogweed (Heracleum sphondylium) that are
usually rare, or difficult to identify, in the pollen record.
In this case, the molecular approach was a significant
complement to pollen analysis, enhancing the informa-
tion on changes in plant composition and leading to a
better representation of the fossil record. The number of
taxa that might be expected from a DNA approach is a
very new area, so we suggest that there is insufficient
comparative data for saying whether our results are rea-
sonable. For the pollen data, our finding of 46 taxa
seems reasonable. The number of pollen types identified
increases as one counts more and more pollen, and this
study counted relatively little pollen in total (>500 grains
at 18 levels = c. 9000 grains), but the gain in taxa levels off
as the total count increases. In our study, we suggest
that it would be reasonable to find c. 20-30 taxa in one
pollen count of 500 grains, and subsequent counts
would have all the same common taxa and a slightly
different subset of less common and rare taxa.

Our pollen results were consistent with previous palae-
oecological studies conducted on the central part of the
Scandes Mountains (Giesecke 2005; von Stedingk et al.
2008), showing a similar vegetation at both lakes domi-
nated by forest tree species, P. sylvestris, Betula sp. and
Alnus sp., and a limited presence of thermophilous species
(Corylus avellana, Alnus glutinosa and Ulmus glabra),
unusual at these latitudes but previously also detected
(Giesecke 2005). In contrast, the barcoding analysis sug-
gested an almost treeless environment at Rundtjerna
(with the exception of Sorbus aucuparia) and a predomi-
nance of Nymphaeaceae and other herbaceous plants
(Brassicaceae, Asteraceae, FEricaceae, Fabaceae and
Poaceae). At Klocka instead, barcoding results suggested
an environment dominated by trees (Alnus sp., Betula
sp. Salix sp., Populus sp. and S. aucuparia) and as such,
the results were more in accordance with the pollen
analysis. However, at both lakes, we found no DNA
signal from major tree taxa detected by pollen like
P. sylvestris, P. abies, elm (Ulmus sp.) and oak (Quercus

© 2013 Blackwell Publishing Ltd

sp.). The little overlap found between proxies (25%) was
also evident at the family level, as the molecular
approaches could detect less than one-third of the fami-
lies identified by pollen. Yet, in the majority of the cases,
the barcoding provided identification at a low taxo-
nomic level (genus or species), while many of the taxa
found by pollen could be identified at family level only.
As such, our findings confirm previous conclusions that
barcoding and pollen should be used in combination to
achieve a detailed palaeovegetational reconstruction in
ancient environments (Jergensen et al. 2012).

There are several reasons why the barcoding vs.
traditional approaches could differ: (i) the pollen and
the molecular record could contain different plant
tissues and truly represent different plant communities,
(ii) taxonomic resolution could differ between the two
approaches, (iii) amplification and/or sequencing of
trnL. DNA could be biased for/against certain species,
(iv) the pollen record could be biased for/against cer-
tain species. Taphonomy (i.e. the study of fossilization
processes) and DNA preservation conditions are likely
the two major factors affecting the molecular record in
the sediments and, hence, responsible for the difference
in results across techniques. The applications of the
barcoding technique to eDNA from lake sediments need
therefore particular attention to taphonomic issues,
including the sources of the aDNA. We unfortunately
know too little about decay processes that occur in
lacustrine environments. Current estimates suggest that
optimal conditions for aDNA survival are cold envi-
ronments, such as permafrost or ice; however, nonfroz-
en and anaerobic environments such as lakes also
seem to preserve DNA well for several thousand years
(Anderson-Carpenter et al. 2011). However, it is not
clear what proportion of DNA damage occurs within
the aquatic and the sediment fraction of a lake and
whether the lake depth plays any important role for
DNA preservation. Our barcoding results seem to sug-
gest a better preservation of DNA at Klocka (10 m
depth) than at Rundtjerna (3 m depth); hence depth
may favour preservation, but our study lacks respec-
tive replication to test this hypothesis. The DNA
results might be influenced by physical processes like
vertical migration or leaching of DNA molecules
through sediments, as periodic downward percolation
of water can move DNA in porous, granular sediments
of cave profiles (Haile ef al. 2007). Lake sediments,
however, are permanently saturated so that vertical
percolation of liquids does not occur and organic com-
pounds are immobilized in the sediment matrix
(Anderson-Carpenter et al. 2011).

The source of plant DNA in lake sediments is also
uncertain. It is believed that bulk sediments contain
plant aDNA from a variety of sources (seed, roots,
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leaves, fruits, pollen, etc.), but it is not clear which of
these tissues contribute most to the total DNA yield
and how this is later preserved. Seeds, needles and bud
scales can be blown or washed over long distances like
pollen, especially in open ice-covered landscapes. In
Arctic regions, the long-distance proportion of plant
material deposited in lakes can be high compared with
that of any local component, but it is low for boreal and
temperate lakes because of the abundant wind-
dispersed pollen produced by trees (Gajewski 1995).
The failure to detect P. sylvestris in samples where pol-
len was particularly abundant suggests that eDNA is
from sources other than pollen. Jorgensen et al. (2012)
also failed to retrieve DNA signals from major tree taxa
(Picea sp., Pinus sp., Larix sp., Corylus sp., Betula sp. and
Alnus sp.) all present in the pollen record in permafrost
samples from northern Siberia. Indeed, DNA from pol-
len is difficult to amplify, particularly from mixed sedi-
ments, as the grains contain small amounts of DNA
and are difficult to open for amplification (Parducci
et al. 2005). This is also in agreement with previous
assumptions of eDNA originating from the local envi-
ronment around the lake rather than being transported
over long distances (Willerslev et al. 2007; Haile et al.
2009; Jergensen et al. 2012; Parducci et al. 2012). Several
other studies on different soil types have also demon-
strated that eDNA reflects contemporaneous plant
biomass derived from above ground and provides a
good proxy for species identification (e.g. Andersen
et al. 2012; Yoccoz et al. 2012).

If we therefore assume that DNA from lake sediments
is local in origin, is well enough preserved for DNA stud-
ies within a time frame of c. 20 000 years and does not
move through the sediments, our inability to barcode
major tree taxa like P. sylvestris and P. abies in Holocene
sediments is intriguing. In a previous study, in the
absence of fossil evidence, Parducci et al. (2012) suc-
ceeded in obtaining P. abies DNA signal using the same
barcoding primers (frnL) in late-glacial sediments
(17 700 cal. yr BP) from Andeya, in northern Norway.
However, in the same study, the same DNA signal could
be retrieved from younger sediments (10 400 cal. yr BP)
at Rundtjerna only when using species-specific primers.
This result demonstrates the power of the molecular tech-
nique in tracing taxa with no pollen or macrofossil evi-
dence, but it also highlights the problems associated with
the generic barcoding primers when used in different
lacustrine environments.

Likely, one crucial issue while barcoding ancient plant
taxa is the different amplification preference among
DNA templates due to selectiveness of the generic mark-
ers, as the trnL primers are not completely conserved
between species (quasi universal). In addition, because
eDNA of small lakes is local in origin and represents

trees growing within a few metres of the lake margin,
only a small number of individuals are probably repre-
sented in molecular assemblages from different lakes.
These two facts, in combination with the varying levels
of decay processes associated with each lake (due to
water depth, rate of deposition, etc.), will inevitably
cause differences between taxa recovered at different
sites and, consequently, also differences in results
between proxies. Finally, because ancient eDNA cannot
be dated directly, it should be recognized that the tempo-
ral accuracy of the barcoding technique relies on the sedi-
ment chronology for dating the DNA remains, which in
turn relies on it being contemporaneous with the associ-
ated dated material. This appeared to be the case in our
study, as shown by the age-depth model suggesting an
approximately constant sediment accumulation rate at
Rundtjerna, which indicates that the sediments remained
undisturbed after deposition.

Conclusions

On the whole, the pollen and barcoding analyses
resulted in largely nonoverlapping species/taxon lists
(25% overlapping); hence, the plant composition in the
two Holocene lake records could be satisfactorily
detected by combining results from the two techniques.
The two proxies provided different levels of taxonomic
resolution and, in combination, revealed more detailed
information on plant composition than could be
achieved by each proxy individually. Some of the gain
in taxa from the DNA over pollen was mainly through
finer taxonomic resolution (e.g. Poaceae, Asteraceae).
Our conclusion is, however, that metabarcoding analy-
sis, although very powerful in tracing taxa with no pol-
len or macrofossil evidence, if run alone, is more risky
and results may be biased across lakes. As it is likely
that ancient eDNA originates from remains other than
pollen and is local in origin, the combination of the two
techniques is particularly useful for past vegetation
reconstruction in the case of low pollen productivity of
plants (e.g. insect-pollinated plants that often tend to
result in poor representation of many species in the pal-
ynological data), or in the case of low-density plant
populations, or plants living in extreme environments
where they may not produce pollen, but instead repro-
duce vegetatively (e.g. Picea abies) (Parducci et al. 2012).

These findings, coupled with previous results from
Jorgensen et al. (2012) and Parducci et al. (2012), also sug-
gest that in the metabarcoding of eDNA samples, the use
of generic primers, like the trnL, should be taken as a
complementary approach to pollen analysis for flora
reconstruction. In particular, they should be used in com-
bination with species-specific primers whenever particu-
lar taxa are desired to be targeted or if one wants to test
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for species not present in either records (pollen and bar-
coding), which could thus complement the incomplete
species list of the flora present in a given area and period.
This is because generic primers may have a limited capa-
bility of recovering all taxa, especially when some are
underrepresented in an environment where others domi-
nate. This can be due to either original species richness in
the catchment of the lake or taphonomic issues associated
with the lake environment.
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