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New environmental metabarcodes for analysing soil
DNA: potential for studying past and present ecosystems
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Abstract
Metabarcoding approaches use total and typically degraded DNA from environmental
samples to analyse biotic assemblages and can potentially be carried out for any kinds of
organisms in an ecosystem. These analyses rely on specific markers, here called
metabarcodes, which should be optimized for taxonomic resolution, minimal bias in
amplification of the target organism group and short sequence length. Using bioinformatic tools, we developed metabarcodes for several groups of organisms: fungi,
bryophytes, enchytraeids, beetles and birds. The ability of these metabarcodes to
amplify the target groups was systematically evaluated by (i) in silico PCRs using all
standard sequences in the EMBL public database as templates, (ii) in vitro PCRs of DNA
extracts from surface soil samples from a site in Varanger, northern Norway and (iii) in
vitro PCRs of DNA extracts from permanently frozen sediment samples of latePleistocene age (16 000–50 000 years BP) from two Siberian sites, Duvanny Yar and
Main River. Comparison of the results from the in silico PCR with those obtained in vitro
showed that the in silico approach offered a reliable estimate of the suitability of a
marker. All target groups were detected in the environmental DNA, but we found large
variation in the level of detection among the groups and between modern and ancient
samples. Success rates for the Pleistocene samples were highest for fungal DNA, whereas
bryophyte, beetle and bird sequences could also be retrieved, but to a much lesser
degree. The metabarcoding approach has considerable potential for biodiversity
screening of modern samples and also as a palaeoecological tool.
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Introduction
Sequencing of environmental DNA retrieved from soils
and sediments plays an important role in the efforts to
explore the biodiversity of prokaryotes (Stackebrandt
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et al. 1993; Dunbar et al. 1999; Rappé & Giovannoni
2003). The targeted retrieval of DNA from environmental samples also promises great potential for the study
of eukaryote biodiversity of recent as well as past environments (Hofreiter et al. 2003; Willerslev et al. 2003,
2007; Coolen et al. 2009; Sønstebø et al. 2010). In particular, DNA from vascular plants (Sønstebø et al. 2010),
mammals (Haile et al. 2009) and fungi (Lydolph et al.
2005) targeted within total soil DNA has yielded promising results. This approach is particularly interesting
for organisms that do not fossilize readily or for which
only few fossils are found. However, its potential for
ecosystem-wide biodiversity and palaeoecological
reconstructions that include, for example, invertebrates
and vertebrates other than mammals, is currently
unclear and requires further evaluation.
Extracts from soil contain DNA from organisms living in the soil at the time of sampling as well as DNA
from dead cells and DNA deposited from the surrounding environment (Levy-Booth et al. 2007). While the
fraction derived from live organisms is largely intracellular and intact, the other fractions will be extracellular
and probably highly degraded (Pietramellara et al.
2009; Valentini et al. 2009b). Such degradation accrues
over time, and, particularly for ancient environmental
DNA, analyses are typically restricted to very short
fragments from multi-copy loci (Pääbo et al. 2004).
Genetic markers suitable for diversity analyses
through taxonomic identification of DNA preserved in
environmental samples (a form of DNA barcoding sensu
lato; Valentini et al. 2009b) must fulfil requirements
which partly differ from those of DNA barcodes used
for the identification of single specimens (barcoding
sensu stricto; Valentini et al. 2009b). First, they should be
short enough to allow amplification from degraded
DNA in environmental samples. Second, a diagnostic
DNA sequence that is more or less identical within but
variable between species is required for optimal taxonomic resolution. Third, this variable DNA marker has
to be flanked by highly conserved stretches to which
amplification primers can bind. These priming sites
should be conserved enough to amplify DNA from a
mixture of species belonging to the target organism
group with minimal bias (Bellemain et al. 2010). Finally,
the amplification primers should be highly specific to
the target organism group to avoid amplification of
nontarget DNA preserved in the sample.
Criterion two, taxonomic resolution to the species
level, is of paramount importance for barcoding single
specimens (Hebert et al. 2003), and the standard marker
used for animals is a fragment of the mitochondrial
cytochrome c oxidase subunit I gene (COI) with a
length of 658 bp. For the analysis of degraded DNA
from environmental samples, criteria one, three and

four are the most important ones (Valentini et al.
2009b), while the fragment size of the classical COI barcode with approx. 650 bp prevents its routine use for
the analysis of environmental samples. Primers to target
a shorter fragment of the COI gene in all major eukaryotic groups have been suggested (Meusnier et al. 2008),
but these primers are not conserved even within vertebrates (Ficetola et al. 2010), and the originally proposed
primer set was not used in consecutive studies (Hajibabaei et al. 2011; Shokralla et al. 2011). There is thus a
clear need for further development and evaluation of
primers and markers for analysis of degraded DNA
from environmental samples. With reference to the
terms metagenomics and barcoding, we designate barcoding markers specifically designed for environmental
samples as ‘metabarcodes’ (Pompanon et al. 2011).
In the present study, we designed metabarcoding
markers and evaluated their potential for studying the
biodiversity of different organism groups in past and
present arctic ecosystems using DNA from soils and
sediments. We targeted a range of phylogenetically and
ecologically distinct groups that have received relatively
little or no attention in previous studies of (ancient)
environmental DNA: bryophytes, enchytraeids, beetles
and birds. These four groups represent ecologically
important and abundant taxa in the Arctic (Callaghan
et al. 2004). We also designed a new metabarcoding primer for fungi targeting a part of the ITS, the proposed
standard barcoding marker for fungi (IV International
Barcode of Life conference, 2011). The new primer set
amplifies a shorter fragment compared with the widely
used fungi-specific ITS markers (see Bellemain et al.
2010). Some of the selected groups are closely associated with the soil, such as fungi, enchytraeids and
various beetle larvae, while others live above ground,
such as birds.
For the animal groups, we used mitochondrial DNA,
which is well suited for work with degraded samples
because of its high copy number per cell (Pääbo et al.
2004). Rather than using the standard COI region as a
starting point, for the reasons outlined above, we
screened either complete mitochondrial genomes or
focused on the mitochondrial 12S and 16S rRNA genes.
The latter evolve more slowly than the COI gene
(Hebert et al. 2003), but display stem-loop structures
leading to a variation of short stretches of highly conserved and stretches of highly variable DNA (Hickson
et al. 1996; De Rijk et al. 1999). Nuclear rRNA genes
also contain such structures, which have been shown to
be valuable as markers for species identification (Sonnenberg et al. 2007; Raupach et al. 2010) because of
their hypervariable regions. Short fragments of mitochondrial rRNA genes are good candidate regions for
metabarcodes and have previously been identified for
 2012 Blackwell Publishing Ltd
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vertebrate identification in degraded samples (Riaz
et al. 2011).
In this study, we used bioinformatic approaches
(Ficetola et al. 2010; Riaz et al. 2011) to first design a set
of metabarcodes suitable for detection of these ecologically important groups and evaluate their performance
in silico. Second, we evaluated the success of our newly
designed markers in retrieving DNA of the target
organism groups in recent soils (from the Varanger Peninsula in northern Norway) and in frozen late-Pleistocene sediment samples (Main River and Duvanny Yar,
northeast Siberia). Arctic permafrost sediments have
previously been a main focus of ancient environmental
DNA studies (Willerslev et al. 2003), as DNA degradation is retarded under cold conditions (Pääbo et al.
2004). The Siberian samples range in age from 16 000
to 50 000 years BP, a period encompassing the Last Glacial Maximum cold climatic interval and characterized
by diverse ecosystems with no contemporary analogues
(Blinnikov et al. 2011). We compare the predictions
obtained from the bioinformatic analyses (in silico analyses) with our tests on soil DNA (in vitro analyses) and
discuss the potential of metabarcoding approaches for
the analysis of present and past biodiversity of the
different groups studied here.

Material and methods
Study sites and samples
Recent soil samples were obtained from four pairs of
heath and meadow plots used in other ecological studies (Ravolainen et al. 2011) and located on the Varanger
Peninsula in northern Norway (7019¢ N, 3001¢ E and
7018¢ N, 2906¢ E; 110–290 m a. s. l.). The area is characterized by a mosaic of dwarf shrub heath, herb- and
grass-rich meadows and willow thickets. A total of
eight samples were analysed from the meadow plots
(sample names beginning with ENG, Table 2), and
seven samples from the heath plots (sample names
beginning with HEI, Table 2). Samples were taken in
March 2007 by hammering 15-cm-long and 5-cm-wide
metal cylinders, which had been thoroughly cleaned
and treated with sodium hypochlorite to remove
DNA prior to use, into frozen soil cleared of surface
vegetation and kept frozen until processed for DNA
analyses.
Samples from ancient permafrost were obtained from
two key palaeoecological sites in Eastern Siberia: (i) an
exposure at Duvanny Yar, on the Kolyma River, northern Sakha (Yakutia) Republic, Russia (6840¢ N, 15905¢
E) and (ii) an exposure on the Main River, a tributary
of the Anadyr River in southern Chukotka, Russia
(6417¢ N, 17115¢ E; Kuzmina et al. 2011). At both sites,
 2012 Blackwell Publishing Ltd

samples were taken at different depths along the exposures by drilling cores horizontally with equipment that
had been cleaned thoroughly and treated with sodium
hypochlorite prior to use. The sampled cores were
stored intact and frozen until processing. A total of 14
samples were analysed from each site. Organic material
(usually plant macrofossils) extracted from the soil ⁄ sediment samples by sieving was radiocarbon dated at
facilities in Poznan, Poland or Oxford, UK. Two of the
Varanger soil samples used here were also radiocarbon
dated and both were confirmed to be ‘modern’ (i.e.
from the past several decades, see Table 2).

Design and optimization of metabarcodes
Metabarcoding markers were designed and evaluated
using a bioinformatic approach. Detailed information
about settings and databases used are compiled in the
Appendix S1 (Supporting information). Searches of
potentially suitable metabarcodes were carried out
using the program ECOPRIMERS (Riaz et al. 2011). This
program uses a defined input database of homogeneous
sequences (e.g. full mitochondrial genomes) to search
for conserved stretches of DNA suitable to be used as
primers that flank a region of a specified length (in this
study 20–500 bp excluding primers, see Appendix S1,
Supporting information). To simulate more realistic
PCR conditions (similar to suggestions by Dieffenbach
et al. 1993), we allowed a maximum of three mismatches between the primer and the target sequences,
but no mismatches in the two last bases on the 3¢ end
of the primer. If not otherwise specified (see Appendix
S1, Supporting information), primers were required to
strictly (i.e. without mismatches) match 70% of target
sequences (option )q 0.70), to match 90% of target
sequences allowing a specified number of mismatches
(option )s 0.90) and not to match more than 10% of
nontarget sequences (option )x 0.10).
For each primer pair, ECOPRIMERS calculates two quality indices: taxonomic coverage (coverage index Bc) and
taxonomic resolution capacity (specificity index Bs), as
defined by Ficetola et al. (2010). Taxonomic coverage is
the number of amplified target species relative to the
total number of target species in the input database.
Taxonomic resolution capacity is the number of unambiguously identified species relative to the total number
of amplified target species. From the ECOPRIMERS output,
we selected primer pairs with the highest taxonomic
coverage and resolution capacity and a relatively short
amplicon length. Primer characteristics were optimized
using the programs PRIMER3 (http://frodo.wi.mit.edu/
primer3/) or FASTPCR (Kalendar et al. 2009) and by
visual inspection of an alignment containing a subset of
sequences from the target taxa. The primers were also
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evaluated using the program ECOPCR (Ficetola et al.
2010), which performs in silico PCRs on a specified
database, such as one compiled from all standard
sequences in the EMBL Nucleotide Sequence Database
(Cochrane et al. 2009). The output of ECOPCR contains a
list of all sequence entries matching the respective primer pair in a way allowing PCR amplification. This can
be used to calculate the taxonomic resolution capacity
and coverage for the target group, as defined above,
and primer specificity to the target group (number of
target species relative to all amplified species). For all
final metabarcoding primers, specificity and taxonomic
resolution capacity were evaluated using ECOPCR on a
database constructed from the standard sequences in
the release 107 of the EMBL database (March 2011) with
the following parameters: (i) amplicon lengths between
20 and 1000 base pairs and (ii) a maximum of three
mismatches between the primer and the target
sequence, but no mismatches in the last two bases on
the 3¢ end. The coverage of finalized primer pairs was
calculated by performing an in silico PCR on homogeneous databases containing only sequences of the target
group (details in Appendix S1, Supporting information).
All primers were tested and their annealing temperatures optimized in the laboratory on DNA extracts from
single specimens of each target organism group (details
in Appendix S1, Supporting information). Additionally,
primers were tested on human and chicken DNA, as
these are common laboratory contaminants (Leonard
et al. 2007), and we aimed to exclude their amplification. PCRs were carried out in 10 lL volumes containing 1 lL of DNA, 0.5 lM of each primer, 1 mM dNTPs,
2.5 mM MgCl2, 1· PCR buffer and 0.4 U AmpliTaq
DNA Polymerase (Applied Biosystems). PCR conditions
were 2 min at 94 C, followed by 55–60 cycles of 94 C

for 30 s, Ta (see Table 1) for 30 s, 72 C for 30 s, and a
final extension of 10 min at 72 C.

Molecular genetic work on sediment and soil samples
The intact frozen cores were subsampled from within
the cores with sterile scalpels in the ancient DNA laboratory at the Centre for Geogenetics in Copenhagen.
Extraction of total DNA was carried out from 7 to 10 g
of material. DNA was extracted using the PowerMax
Soil DNA Isolation kit (MOBIO), with the Powerbead
solution replaced by 12 mL of the following buffer:
0.96 mL C1 buffer (from PowerMax Soil DNA Isolation kit), 50 mM Tris ⁄ HCl, 20 mM EDTA, 150 mM NaCl,
50 mM DDT, 2 mM PTB and 0.8 mg proteinase K. Samples were digested with rotation overnight at 56 C,
and the remainder of the extraction was carried out
according to the manufacturer’s instructions. The samples were eluted in 2 mL elution buffer.
PCRs were set up in the ancient DNA laboratory at
the Natural History Museum in Oslo. For the modern
soil samples, DNA was added to the PCR mix in a prePCR laboratory dedicated to sensitive (but not ancient)
samples. PCR reactions were performed in 12.5 or
25 lL volumes containing 0.625 or 1.25 U Platinum
Taq High Fidelity DNA Polymerase (Invitrogen), 1·
PCR buffer, 2 mM MgSO4, 1 mM dNTPs, 0.2 lM of each
primer, 0.8 mg ⁄ mL bovine serum albumin and 1–3 lL
of DNA extract. Initial laboratory tests of the primers
designed for Coleoptera showed that these primers also
amplify human DNA when a high cycle number is
used (here 55 cycles). Therefore, a blocking primer (5¢–
3¢ TTCTCGTCTTGCTGTGTCATGCC) was added to the
PCR at a 10-fold concentration of the amplification
primers (Vestheim & Jarman 2008). Thermal profiles
were as described above for primer testing, but the

Table 1 Primer characteristics of the metabarcoding markers
Taxonomic
coverage (%)

Taxon

Primer name

Primer sequence (5¢–3¢)

Genomic region

Ta (C)

Fungi

ITS5
5.8S_fungi
bryo_P6F
bryo_P6R
Ench_12Sa
Ench_12Sc
Coleop_16Sc
Coleop_16Sd
Aves_12Sa
Aves_12Sc

GGAAGTAAAAGTCGTAACAAGG
CAAGAGATCCGTTGTTGAAAGTT
GATTCAGGGAAACTTAGGTTG
CCATTGAGTCTCTGCACC
GCTGCACTTTGACTTGAC
AGCCTGTGTACTGCTGTC
TGCAAAGGTAGCATAATMATTAG
TCCATAGGGTCTTCTCGTC
GATTAGATACCCCACTATGC
GTTTTAAGCGTTTGTGCTCG

ITS1

55

95.2

trnL P6-loop

51

86

12S

56

98

16S

55

98.5

12S

58

Bryophytes
Enchytraeidae
Coleoptera
Aves

100

Taxonomic coverage is calculated as % of amplified target species of the total number of target species in the database, using in silico
PCR.
Ta, annealing temperature based on optimization in the laboratory.
 2012 Blackwell Publishing Ltd
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extension during each cycle was performed at 68 C as
recommended for the polymerase used. A subset of the
positive PCRs was cloned using the Topo TA cloning
kit (Invitrogen), and up to 12 clones from each cloning
reaction were sequenced on an ABI 3730 sequencer.

Sequence analysis and taxonomic assignments
Clone

sequences were analysed using CODONCODE
(version 3.6.1). To exclude errors and artefacts
from being counted as true variation, clone sequences
were only considered if they differed from other
sequences by more than one base, or if they were present in three or more clones. If a single clone sequence
displayed only a single substitution from an otherwise
more common sequence, this substitution was considered likely to be an artefact and the sequence was
included in a common consensus sequence.
Taxonomic assignment of the sequences was carried
out using the following two approaches:

ALIGNER

1 The best matching sequence was determined using
the program ECOTAG (http://www.grenoble.prabi.fr/trac/OBITools). This program determines identity between the
query sequence and each sequence in a specified reference database through calculating the length of the longest common subsequence (LCS) by an exact algorithm
corresponding to a global alignment algorithm (Ullman
et al. 1976). Identity percentage is subsequently computed by dividing the LCS length by the length of the
longest sequence involved in the alignment. For each of
the primer pairs, a respective reference database for ECOTAG was created by in silico PCR on the EMBL standard
sequences, release 107, allowing five mismatches
between the primer and the target sequences. To create
databases with a secure taxonomy, the ECOPCR output
was filtered to merge unique sequences for each taxon
in the database, and to include only sequences for
which complete taxonomic information is available. For
the fungi primers, this filtering was not performed to
retain database sequences obtained from uncultured
organisms. With the settings used, ECOTAG displays the
taxon with the single closest similarity to the query
sequence – either a species, if there is a single best
matching sequence, or a higher-level taxon if there are
multiple sequences with an equally good match. Taxonomic assignment obtained with ECOTAG was only considered if the similarity was over 75%, and no
assignment was considered for sequences with a length
below 18 bp (the minimum length for a sequence to be
used as a specific primer; Dieffenbach et al. 1993).
2 As only the best matches were considered in ECOTAG,
we performed analyses using the Statistical Assignment
Package (Munch et al. 2008) to obtain measures of confi 2012 Blackwell Publishing Ltd

dence for the assignment of sequences to taxonomic
groups. This program compiles a set of homologues to
the query sequence using NetBlast searches against GenBank and then uses a Bayesian approach to assign a
probability that a sequence belongs to a specific taxonomic group. For some sequences, taxonomic assignment
was not possible, either because an insufficient number
of homologues could be retrieved to proceed with the
Bayesian analysis or because the closest matching
sequences were from uncultured organisms with no
associated taxonomical information.

Results
Characteristics of the identified metabarcodes
The metabarcoding markers designed for each group are
listed in Table 1. For fungi, the marker includes one
novel primer (5.8S_fungi) used in combination with one
previously published primer that is recommended by the
International Fungal Barcoding Group (ITS5; White et al.
1990). All other primers are newly designed. The most
promising metabarcoding markers for the animal groups
were found to be located on the mitochondrial 12S or 16S
rRNA genes, not in the standard barcoding region for
animals (COI; Hebert et al. 2003). For birds, for which we
screened complete mitochondrial genomes, the 12S fragment selected was the most optimal mitochondrial metabarcoding marker discovered. The bryophyte marker
flanks the P6 loop of the trnL chloroplast intron, as previously selected for vascular plants (Taberlet et al. 2007).
Our markers are hereafter referred to as Fungi_ITS
(fungi), Bryo_P6 (bryophytes), Ench_12S (enchytraeids),
Coleop_16S (Coleoptera) and Aves_12S (birds).
The coverage of the primers in the target organism
groups calculated from in silico PCR was high, ranging
from 86% (Bryo_P6) to 100% (Aves_12S; Table 1). The
taxonomic resolution capacity was more variable among
the markers: at the species level, the highest resolution
is shown by Ench_12S (100%), followed by Coleop_16S
(71.73%), Fungi_ITS (62.84%), Aves_12S (56.36%) and
Bryo_P6 (30.57%) (Fig. 1). The taxonomic resolution
capacity increased successively from the species to the
family level for bryophytes and birds, but not for fungi
and Coleoptera, for which the resolution at the genus
level (72.11% and 93.60%, respectively) was higher than
at the family level (60.36% and 91.27%, respectively).
The median amplicon length of the metabarcodes
ranged between 50 and 100 bp excluding primers,
except for the Fungi_ITS amplicons, which had a median length close to 200 bp and more variation (Fig. 2;
only 2.5% of the amplicons were more than 300 bp
long).
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Genus

Resolution capacity (%)

80
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60

40

20

0

Fungi_ITS

Bryo_P6

Ench_12S Coleop_16S Aves_12S

Metabarcoding markers
Fig. 1 Taxonomic resolution capacity (specificity index Bs,
Ficetola et al. 2010) of the metabarcoding markers Fungi_ITS,
Bryo_P6, Ench_12S, Coleop_16S, Aves_12S within the respective target taxa. This was calculated from the output obtained
using in silico PCR on all standard sequences in the EMBL
database, release 107.

the metabarcoding markers (Table 2). In the modern
soils from the Varanger Peninsula, all samples amplified using the markers Fungi_ITS, Bryo_P6 and
Coleop_16S, and 67% and 13% amplified using
Ench_12S and Aves_12S, respectively. Amplification
success was substantially lower in the ancient samples
from Duvanny Yar and Main River. The highest amplification success was achieved with the marker Fungi_ITS, which yielded positive amplifications in 50% of
the ancient permafrost samples. By contrast, no positive
amplification of ancient samples was achieved for
Ench_12S. None of the four Main River samples older
than 26 590 ± 180 years BP gave positive results with
any of the primers, but Duvanny Yar samples beyond
this age could be amplified using Fungi_ITS, Bryo_P6
and Coleop_16S. Both Fungi_ITS and Bryo_P6 showed
positive amplification in one of two extraction blanks,
but none of the clone sequences retrieved corresponded
to any of the sample sequences and thus did not compromise our results (Table S6, Supporting information).

Marker specificity as evaluated from in silico and in
vitro amplifications
250

Length

200

150

100

50

0
Fungi_ITS

Bryo_P6

Ench_12S Coleop_16S Aves_12S

Metabarcoding markers

Fig. 2 Boxplots of the amplicon length variation in the metabarcoding markers Fungi_ITS, Bryo_P6, Ench_12S, Coleop_16S
and Aves_12S. This was determined from the output obtained
using in silico PCR on all standard sequences in the EMBL
database, release 107. Length is given excluding primer
sequences, and outliers are not shown.

Amplification success in recent and ancient arctic soil
and sediment samples
Considerable variation in in vitro amplification success
from soil and sediment samples was observed among

The specificity of the metabarcodes was evaluated and
compared for the in silico and the in vitro amplifications.
For this evaluation, the results from the modern and
ancient soils were merged (Fig. 3). The in silico PCR
results are based on the number of species amplified,
while the in vitro PCR results are based on the number
of clone sequences retrieved. Only clones with inserts
that differed from primer dimers are reported (details
on identification of the clones in the Appendix S1,
Supporting information).
For three of the five metabarcoding markers (Fungi_ITS, Bryo_P6, Aves_12S), both the in silico PCR and
the in vitro PCR primarily amplified the target organism
groups (Fig. 3, Table S6, Supporting information).
However, eight out of 10 clone sequences obtained with
the Aves_12S primers were identical to those of chicken
(Gallus gallus; Table S6, Supporting information), a common laboratory contaminant (Leonard et al. 2007). The
remaining two sequences, retrieved from a Main River
sample with an age of 26 590 ± 180 years BP, were identified as passeriformes. Multiple cloning attempts of the
two positive Aves_12S products from the modern soil
samples (Table 2) failed to yield any sequences other
than a primer multimer in one of the two samples.
For the markers Ench_12S and Coleop_16S, the target
organism group did not constitute the majority of
amplified sequences in silico (11% and 33%, respectively; Fig. 3). Nonetheless, for Ench_12S, all recovered
in vitro sequences were inferred to stem from enchytraeids. In this case, the majority of the species amplified in
 2012 Blackwell Publishing Ltd
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Table 2 Amplification success on soil and sediment samples for the different markers

Field Sample
Varanger
ENG_A_1.2
ENG_A_2.2
ENG_B_1.2
ENG_C_1.2
ENG_D_1.2
ENG_D_1.3
ENG_D_2.1
HEI_A_1.2
HEI_A_2.2
HEI_B_1.2
HEI_C_1.2
HEI_D_1.2
HEI_D_1.3
HEI_D_2.1
HEI_D_2.2
Success rate (%)
Duvanny Yar
69
57A
59
62
64
67
118
122
131
21A
24A
28A
32A
26B
Success rate (%)
Main River
58A
55B
54B
47A
56B
39A
34B
36A
35B
37B
33A
28A
27A
19B
Success rate (%)

Sample age
(years BP)

Undated
Undated
Modern
Undated
Undated
Undated
Undated
Undated
Undated
Undated
Undated
Undated
Undated
Modern
Undated

16 850 ±
19 780 ±
20 670 ±
22 900 ±
23 630 ±
25 340 ±
25 830 ±
28 530 ±
29 900 ±
>48 000
50 000 ±
>45 000
>45 000
45 000 ±

15 810 ±
20 030 ±
20 160 ±
20 830 ±
20 900 ±
23 210 ±
23 880 ±
25 440 ±
25 450 ±
26 590 ±
28 190 ±
29 780 ±
30 900 ±
>47 000

Lab.
identifier

Fungi_ITS

Bryo _P6

Coleop_16S

Ench_12S

Aves_12S

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
100

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
100

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
100

)
)
+
+
)
)
+
+
+
+
+
)
+
+
+
67

+
)
+
)
)
)
)
)
)
)
)
)
)
)
)
13

Poz-32563
Poz-32457
Poz-32490
Poz-32557
Poz-32559
Poz-32562
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silico were amphibians, which are not expected widely
in the Arctic. With the Coleop_16S primers, only a single of the 57 clone sequences (from a Duvanny Yar sam 2012 Blackwell Publishing Ltd
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and counting error.

ple with an age of 45 000 ± 2000 yr BP) was inferred
to stem from a beetle. Some sequences were highly
divergent and identified as an enchytraeid, a reindeer
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In silico

In vitro

Fungi_ITS

Species
N
%
6711
91
674
9

Sequences
N
%
48
98
1
2

Fungi
Not identified

Species
N
%
Bryophytes
2172
~ 100
Other streptophyta
2
< 0.5

Sequences
N
%
35
73
13
27

Bryophytes
Not identified

Sequences
N
%
20
100

Enchytraeidae

Fungi
Others

Bryo_P6

Fig. 3 Comparison of the in silico PCR
(left) and in vitro PCR and cloning of
arctic soil and sediment samples (right)
using the different markers designed in
this study. Actual numbers (N) and percentages (%) of species and clone
sequences retrieved from the in silico
PCRs and from the in vitro PCRs are
given. The in silico PCR was performed
on all standard sequences in the EMBL
database, release 107. Results obtained
from the recent and ancient arctic samples were merged.

Ench_12S
Enchytraeidae
Other oligochaeta
Other annelida
Cephalopoda
Actinopterygii
Amphibia
Sauropsida
Others

Species
N
%
76
11
101
14
13
2
77
6
17
2
318
46
42
11
55
8

Coleop_16S
Species
N
%
Coleoptera
4234
33
Other hexapoda 5724
45
Other arthropoda 2684
21
Others
150
1

Sequences
N
%
Coleoptera
1
2
Other hexapoda
29
51
12
21 Best ID: arthropoda/
Pancrustacea
7
12
Others: reindeer,
Enchytraeid
8
14
Contaminant: cow

Aves_12S

Aves
Other vertebrata

Species
N
%
1210
~ 100
4
< 0.5

(Rangifer tarandus) and a cow (Bos taurus). Notably, the
single sample that amplified from Main River only
yielded sequences that were identical to those of cow, a
common laboratory contaminant (Leonard et al. 2007).

Discussion
Total soil DNA is a largely untapped resource for
recent and ancient biodiversity information of eukaryotic organisms, and its potential for the study of diverse
organism groups has not been comparatively assessed
before. For this purpose, we here present a suite of new
metabarcoding markers for ecologically highly important organism groups (bryophytes, enchytraeids, beetles
and birds), and a new primer for metabarcoding
of fungi. We evaluate their performance in silico and

Sequences
N
%
2
20
Endogenous aves
8
80 Contaminant: chicken

in vitro by amplification of modern and ancient arctic
soil and sediment samples.

Taxonomic resolution capacity of the metabarcodes
The large differences in taxonomic resolution capacity
of the metabarcodes (Fig. 1) can partly be attributed to
the fact that the target groups varied considerably in
size, age and evolutionary divergence among their
members. The high taxonomic resolution capacity for
the Ench_12S primer set (100% at the species level)
exemplifies that, even with very short amplicons
(50 bp), reliable taxonomic identification is possible.
This has also been demonstrated for all major eukaryotic kingdoms for fragments of the COI gene with
lengths between 100 and 250 bp (Hajibabaei et al. 2006;
 2012 Blackwell Publishing Ltd
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Meusnier et al. 2008), but in this case, the suggested
primer sites are not sufficiently conserved (Ficetola
et al. 2010). The limiting factor for obtaining good metabarcodes is obviously not only the length of the
sequence amplified, but the possibility to place primers
specific to a target group around highly variable
sequence fragments. Such conserved primers are less
easily found for large groups with a high overall level
of evolutionary divergence.
Among the new metabarcodes, the taxonomic resolution capacity at the species level is the lowest for
Bryo_P6 (30%). Nonetheless, this is 10% higher than
the resolution of the P6-loop in vascular plants (Taberlet
et al. 2007). Like in vascular plants, the taxonomic resolution of the bryophyte P6 loop increases considerably
when the set of possible sequences considered is
reduced, for example, to the 400 most important arctic
bryophyte species (46% resolution to the species level,
unpublished data).
The taxonomic resolution capacity of a barcoding
marker calculated as the ratio of unambiguously identified taxa for a given taxonomic level (specificity index
Bs, Ficetola et al. 2010) is expected to increase with
increasing taxonomic level, such that more families than
genera and species can be identified. The metabarcodes
for bryophytes and birds showed this pattern, but not
those for fungi and beetles (Fig. 1). This could be
caused by difficulties with higher-level classifications in
these two groups (Hibbett et al. 2007; Beutel et al. 2009)
and ⁄ or by erroneous taxonomic assignments in GenBank. Alternatively, as these are both very large groups
with a high level of evolutionary divergence, the lower
resolution at the level of family could also be caused by
homoplasy in the short marker sequences.

Suitability of the markers for amplifying the target
organism groups
The in silico PCR approach offers a simple way to evaluate the performance of the primers, and we have
shown here that such an evaluation provides quite a
realistic prediction of the in vitro performance of the
markers. The three primer sets designed for fungi, bryophytes and birds showed high specificity to the target
groups, both in the in silico PCR and in the in vitro
PCR. The other two primer sets, designed for beetles
and enchytraeids, were not highly specific in the in silico PCR, but the in vitro products for Ench_12S yielded
only enchytraeids. This can be explained by the fact
that the other major groups potentially amplified by
these primers (e.g. Amphibia, Cephalopoda) are not
expected in the arctic environment.
In contrast, the in silico amplification of the marker
Coleop_16S showed low specificity to Coleoptera (33%),
 2012 Blackwell Publishing Ltd

but the specificity obtained from the in vitro experiments
was even lower (2%). A number of non-arthropod
sequences were retrieved, such as the putatively endogenous sequences of an enchytraeid, Cognettia sphagnetorum, and a mammal, Rangifer tarandus (reindeer), and
sequences of the putative laboratory contaminant Bos
(cow). A comparison of the closest matching sequence in
GenBank with the primer sequences revealed that they
displayed at most a single mismatch to any of the
Coleop_16S primers – but in all cases one of these mismatches occurred at the second base on the 3¢ end of the
primer. With the restrictions imposed in the in silico
PCR (three mismatches allowed, but no mismatches in
the last two bases at the 3¢ end), these amplifications
were not predicted. The discrepancy between the specificity predicted by the ECOPCR results and that observed
in the in vitro PCRs demonstrates the limitations of in silico PCR. Variation caused by PCR conditions (e.g. number of cycles, annealing temperature) and differences in
template concentrations cannot obviously be taken into
account by a pattern-matching algorithm. Hence, the
amplification of taxa such as reindeer and cow is not
entirely surprising when using a high number of cycles.
Nonetheless, competition between templates should
result in preferential amplification of coleopteran or
other arthropod DNA. It is therefore notable that Coleoptera are not readily amplified from ancient sediment
samples, despite the presence of Coleoptera exoskeleton
remains in these environments (e.g. Sher et al. 2005;
Elias 2006), also at the localities Main River (Kuzmina
et al. 2011) and Duvanny Yar (Alfimov et al. 2003).
It should be noted that employing as many as 55
cycles in PCR can lead to the formation of chimeric
sequences (Meyerhans et al. 1990) and other artefacts,
and therefore cycle number should be minimized. However, high numbers of cycles are commonly used in
ancient environmental DNA studies (e.g. Willerslev
et al. 2003; Haile et al. 2009) because such samples have
a mixed template pool with low initial copy numbers,
causing the reactions to behave stochastically. It is however obvious that if included in further analyses, artefacts lead to erroneously increased estimates of the
sequence diversity in the samples. Even if short
sequences are less prone to chimera formation (Epp
et al. 2011), retrieved sequence pools should be checked
for chimeras (using approaches such as suggested by
Creer et al. 2010; or specific programs, e.g. Edgar et al.
2011) and other artefacts.

Potential for soil metabarcoding studies of different
target groups in the Arctic
Of the groups investigated here, fungi were amplified
with the greatest success from the permafrost sediment
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samples (71% and 29% success rate for Duvanny Yar
and Main River, respectively; Table 2). A previous
study on ancient fungal DNA preserved in permafrost
successfully identified a wide diversity of fungal taxa in
samples as old as 300 000–400 000 years (Lydolph et al.
2005). The generally high success for fungi is not unexpected as fungal DNA is a dominant component of total
soil DNA (Pietramellara et al. 2009), present in a higher
proportion than plant DNA or even than bacterial DNA
in central European agricultural soils (Gangneux et al.
2011). Fungal species in the arctic ecosystem are furthermore cryoprotected by a range of different mechanisms (Ozerskaya et al. 2009), and it has even been
suggested that microbial communities can show longterm viability in the permafrost (Lewis et al. 2008; Coolen et al. 2011). This could explain that the retrieval of
good quality DNA from fungi is higher than for any of
the other taxa studied here.
Amplification rates for bryophyte DNA on the other
hand were high in the recent soil (100%), but this was
contrasted by a low success rate for the Pleistocene
samples, indicating that the amount of bryophyte DNA
in the ancient sediment samples is very low. Given the
ecological importance of bryophytes in the Arctic, this
is surprising. However, it is possible that the bryophyte
DNA content in soils is lower than that of vascular
plants because of their growth form and anatomy. Most
bryophyte growth and productivity occurs above
ground (Lindo & Gonzalez 2010), and below ground
they lack substantial somatic tissue such as true roots.
These are thought to be one of the primary sources of
vascular plant DNA in soil (Willerslev et al. 2003), particularly through the sloughing off of root cap cells
(Levy-Booth et al. 2007). Furthermore, bryophytes contain secondary metabolites (e.g. Xie & Lou 2009), which
are known to enhance DNA degradation. This could
potentially cause proportionally higher DNA degradation directly after cell lysis in bryophytes compared to
other organism groups.
As for bryophytes, amplification success in ancient
samples was not high for the invertebrate groups. Only
a single beetle sequence could be retrieved from a Pleistocene sample. Notably, this sample had an age of
45 000 ± 2000 years BP, while no beetle DNA was found
in any of the modern samples. This suggests that beetle
DNA can potentially be preserved for long time periods, but the potential of sedimentary DNA for biodiversity screenings of beetles, both in modern and in
ancient samples, currently seems limited. Information
on beetle palaeocommunities can more easily be gained
by identifying exoskeleton macrofossils (e.g. Kuzmina
et al. 2011). Unfortunately, this cannot be done for
enchytraeids, which often dominate soil faunal communities in the Arctic, particularly in terms of biomass

(Briones et al. 2007), but leave no visible fossil traces.
No amplification of enchytraeids was achieved from
any of the Pleistocene samples, whereas for modern
samples amplification success was quite high (67% in
total), especially in the heath samples (87.5%). It is
noteworthy that this amplification success could be
obtained even from samples collected in winter, when
population densities of enchytraeids are the lowest
(Birkemoe et al. 2000).
Finally, both our study and previous studies using
cave sediments (Hofreiter et al. 2003; Haile et al. 2007)
have retrieved putatively endogenous avian sequences
from soil, although the retrieval rate is not very high.
The source of bird DNA in soil could be faeces, which
has been shown to contain DNA in modern populations
(Regnaut et al. 2006; Mäki-Petäys et al. 2007), or dead
animals. Unfortunately, our results were also confounded by the presence of contaminant chicken DNA,
which will readily amplify with the avian metabarcoding primers. This problem cannot be circumvented easily, for example by the inclusion of a blocking primer
(Vestheim & Jarman 2008; Gigli et al. 2009), because of
the lack of sufficient chicken-specific mutations in the
amplicon compared to other arctic Galliformes (e.g.
ptarmigan). Dominant contaminant DNA may bias the
PCR, hampering the retrieval of endogenous DNA present in only low concentrations (Boessenkool et al. 2012).
Therefore, we cannot fully evaluate the DNA preservation and subsequent potential for diversity reconstruction of bird diversity through sedimentary ancient DNA
in the Arctic.

Concluding remarks
The metabarcoding markers developed here testify that
high taxonomic resolution and high specificity to target
groups are achievable and can be predicted quite well
using bioinformatic tools. The approach was most
promising for fungi, bryophytes and enchytraeids in the
recent soil, but amplification success dropped substantially in the Pleistocene samples. As no ancient samples
younger than 15 810 ± 75 years BP were tested here, the
potential for historical studies on shorter timescales
might nonetheless be considerably larger than our
results might seem to indicate.
For modern samples, metabarcoding approaches have
great practical potential as an efficient and cost-effective
means to conduct biodiversity screenings for ecological
surveys, diet studies (Valentini et al. 2009a) and biological monitoring programs. Bryophyte community composition, for example, can be used as bioindicator to
monitor heavy metal pollution (Denayer et al. 1999;
Nimis et al. 2002), and enchytraeid diversity is suitable
for ecological soil classification and assessment schemes
 2012 Blackwell Publishing Ltd
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(Jaensch et al. 2005). The full potential of metabarcoding
can be exploited by coupling next-generation sequencing techniques with identification using reliable reference databases (e.g. Sønstebø et al. 2010).
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