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diversity

N. G. YOCCOZ,* K. A. BRATHEN,* L. GIELLY,t]J. HAILE,}§ M. E. EDWARDS,q T. GOSLAR,**

. voN STEDINGK, 9 A. K. BRYSTING,tt E. COISSAC,t F. POMPANON,t]J. H. SONSTEBQ, tt

. MIQUEL,t+ A. VALENTINI,t+ F. pe BELLO,t,1fJ. CHAVE,§§ W. THUILLER,t P. WINCKER, 9

. CRUAUD,q9 F. GAVORY, Y9 M. RASMUSSEN,3 M. T. P. GILBERT, L. ORLANDO%}

. BROCHMANN, +t! E. WILLERSLEV,}' and P. TABERLET,+'

*Department of Arctic and Marine Biology, University of Tromse, NO-9037 Tromse, Norway, tLaboratoire d’Ecologie Alpine,
CNRS UMR 5553, Université Joseph Fourier, BP 43, F-38041 Grenoble Cedex 9, France, tCentre for GeoGenetics, University of
Copenhagen, Dster Voldgade 5-7, 1350 Copenhagen, Denmark, SMurdoch University, Perth, Western Australia 6150, Australia,
YUniversity of Southampton, Geography and Environment, Southampton SO17 1B], UK, **Faculty of Physics, Adam
Mickiewicz University, ul. Umultowska 85, 61-614 Poznan, Poland, ttNational Centre for Biosystematics, Natural History
Museum, University of Oslo, PO Box 1172, Blindern, N-0318 Oslo, Norway, tiInstitute of Botany, Czech Academy of Sciences,
Dukelskd 135, CZ-379 82, Treboni, Czech Republic, §§Laboratoire Evolution et Diversité Biologique, CNRS UMR 5174,
Université Paul Sabatier, F-31062 Toulouse, France, Y9 Genoscope, CEA, CNRS, UMR 8030, 2 rue Gaston Crémieux, BP 5706,
F-91057 Evry cedex, France

NONT

Abstract

Ecosystems across the globe are threatened by climate change and human activities. New
rapid survey approaches for monitoring biodiversity would greatly advance assessment
and understanding of these threats. Taking advantage of next-generation DNA
sequencing, we tested an approach we call metabarcoding: high-throughput and
simultaneous taxa identification based on a very short (usually <100 base pairs) but
informative DNA fragment. Short DNA fragments allow the use of degraded DNA from
environmental samples. All analyses included amplification using plant-specific versa-
tile primers, sequencing and estimation of taxonomic diversity. We tested in three steps
whether degraded DNA from dead material in soil has the potential of efficiently
assessing biodiversity in different biomes. First, soil DNA from eight boreal plant
communities located in two different vegetation types (meadow and heath) was
amplified. Plant diversity detected from boreal soil was highly consistent with plant
taxonomic and growth form diversity estimated from conventional above-ground
surveys. Second, we assessed DNA persistence using samples from formerly cultivated
soils in temperate environments. We found that the number of crop DNA sequences
retrieved strongly varied with years since last cultivation, and crop sequences were
absent from nearby, uncultivated plots. Third, we assessed the universal applicability of
DNA metabarcoding using soil samples from tropical environments: a large proportion
of species and families from the study site were efficiently recovered. The results open
unprecedented opportunities for large-scale DNA-based biodiversity studies across a
range of taxonomic groups using standardized metabarcoding approaches.
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Introduction

Climate change, habitat loss and invasive species are
affecting biodiversity, ecosystem function and ecosys-
tem services worldwide, placing ecosystems under
increasing pressure (Sala et al. 2000). To assess and
understand these changes requires both intensive stud-
ies focussing on mechanisms and extensive approaches
allowing for rapid and economical assessment of biodi-
versity over large regions (McMahon ef al. 2011). DNA
barcoding—use of a standardized DNA sequence to tag
and identify species—is becoming a popular tool for
taxonomic identification of individual specimens
(Hebert et al. 2003), but its usefulness as a tool for
describing and analysing patterns of species diversity
and abundance within ecosystems, without relying on
individual specimens or individual parts (as e.g. in
Kesanakurti et al. (2011)), has not been evaluated
despite high potential (Valentini et al. 2009b). Existing
approaches based on DNA that target multiple taxa
have focussed on micro-organisms, for example, bacte-
ria (Zinger et al. 2009), nematodes (Porazinska et al.
2009), micro-invertebrates (Chariton et al. 2010), and on
determining diet composition based on samples of fae-
ces (Valentini et al. 2009a; Kowalczyk et al. 2011; Rayé
et al. 2011) or stomach content (Soininen et al. 2009).

In particular, DNA from soil samples might provide
an efficient metric for components of above- and below-
ground ecosystem diversity, including but not limited
to vascular plant diversity. The approach has so far
been restricted to ancient sediments revealing past ani-
mal and plant biodiversity (Willerslev et al. 2003, 2007).
Current methods for estimating contemporary plant
diversity rely on time-consuming above-ground sam-
pling, usually abundance or biomass measurements of
individuals and their taxonomic identification (Magur-
ran 2004; Stohlgren 2007). While these methods have
been and will remain invaluable, information contained
in the soil could both complement above-ground data
and be used to estimate components of plant diversity
over longer temporal scales. Indeed, as DNA is likely to
accumulate in the soil over more than a year, it should
provide a temporally integrated view of plant commu-
nity composition. Inability to detect particular species
because of observer effects, plants entering dormancy,
colonization/extinction dynamics at very small scales or
rarity at early stage of invasion or late stage of extinc-
tion is increasingly recognized as affecting the accuracy
of measures of diversity changes (Thompson 2004;
Chabrerie et al. 2008; Chen et al. 2009; Vittoz et al.
2010). As DNA is probably more sensitive to small
quantities of biomass, an approach based on soil DNA
may alleviate some of these issues. At a practical level,
sampling of soil is not limited to the growing season of

plants; hence, the approach introduces flexibility to field
campaign planning and reduces the likelihood for mis-
identification under field conditions. Furthermore,
expert taxonomic knowledge can be invested in the
development of large DNA reference databases and
their analyses rather than routine identification of spe-
cies at each site. Future studies can combine these data-
bases with next-generation sequencing technologies in
the analysis of environmental DNA samples. The sam-
pling of soil DNA can be designed using well-known
statistical principles [e.g. stratified random sampling
based on known environmental and/or disturbance gra-
dients (Thompson 2004; Albert et al. 2010)] that would
make conclusions obtained from surveys and analytical
studies statistically straightforward and valid over a
range of spatial scales.

The use of soil-derived DNA to identify the presence
and abundance of plants poses technical challenges, as
much of the DNA is likely to be degraded. The CBoL
Plant Working Group (2009) recently described stan-
dardized DNA barcodes for plants; these barcodes tar-
get relatively long DNA fragments (~550 bp for rbcL
and ~950 bp for matK). Using such long DNA
sequences for taxonomic identification in environmental
samples is likely to result in few positive matches and
many species being missed, as experienced in ancient
DNA studies (Willerslev ef al. 2003). Shorter DNA
markers for biodiversity assessment are therefore a
compromise between the discriminatory power of
sequences used to tag species and their ability to work
on degraded soil DNA samples. While standardized
barcodes cannot be used for environmental samples
containing degraded DNA, short DNA markers such as
the P6 loop of the plastid trnL (UAA) intron have the
potential for such analyses (Taberlet et al. 2007). Here,
we implement an approach that can be termed ‘DNA
metabarcoding’, as it is based on the DNA barcoding
concept, but refers to the analysis of complex substrates
containing DNA from multiple species. We focussed on
three related issues: (i) How well can soil DNA reflect
the structural and functional diversity of the current
vegetation? (ii) How long can DNA persist in soil? (iii)
Can DNA metabarcoding be used effectively in warm,
tropical environments where diversity is very high and
DNA degradation is fast?

Material and methods

Study systems, DNA extraction and sequence analyses

Boreal site. We sampled four paired heath-meadow
plots (15 m x 15m) in a vegetation mosaic of dwarf
shrub—-dominated heath, forb- and grass-rich meadows
(Varanger Peninsula; 70°N, 30°E; 110-290 m a.s.l.). The
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minimum distance between pairs of plots was 1 km,
and the mean distance between heath and meadow
plots within a pair was 275 m. In July 2006, above-
ground plant biomass was estimated in each plot by the
point intercept method using 20 pins in 13 0.21 m?
quadrats regularly spaced out across each plot. Records
of plant species at each quadrat and plot were con-
verted to biomass (Ravolainen ef al. 2010) using equa-
tions given in the study conducted by Brdthen &
Hagberg (2004). Three triplets of soil core samples per
plot were taken in March 2007 by hammering sterile
metal cylinders (5 cm diameter, 15 cm long) into frozen
soil cleared of vegetation. Soil core samples were kept
frozen until processed for DNA analyses.

Plant fragments and soil matrix organics extracted
from 12 of the soil cores (six in meadow, six in heath)
were radiocarbon-dated (see Goslar et al. 2005). Sam-
ples yielded pMC (per cent modern carbon) values
between 111 and 138, indicating that they date to
around the bomb peak 1950-2005.

Total DNA was extracted from c. 6 g of soil without
visible root fragments using the PowerMax Soil kit [MO
BIO Laboratories, Inc., Carlsbad, CA, USA (Willerslev
et al. 2003)]. The P6 loop of the plastid DNA fruL
(UAA) intron was amplified using the ¢ and / primers
[5-GGGCAATCCTGAGCCAA-3" and 5-CCATTGAGTC
TCTGCACCTATC-3’, (Taberlet et al. 2007)], which had
been 5'-labelled for each soil core sample with a unique
six-nucleotide tag [with at least three differences among
tags, a system modified from Binladen et al. (2007)].
Being short but variable, the P6 loop marker is suitable
for analysing degraded DNA sequences. Further, it is
sufficiently long to confidently assign a sequence to a
species/genus if identification attempts are restricted to
a local geographical scale (Taberlet et al. 2007). To pre-
vent environmental contamination, both DNA extrac-
tions and PCR set-up were carried out in dedicated
laboratories for analyses of low copy number DNA
samples. The PCR products were sequenced on the
Roche GS FLX platform following the manufacturer’s
instructions.

All sequences were identified using the soil core sam-
ple-specific 5" variable primer tag after removing all
sequences with a tag-sequence error (Binladen et al.
2007). We subsequently compared the sequences of
each soil core sample to the trnL Arctic plant reference
database (Senstebg et al. 2010) (Table S1, see Data acces-
sibility) or to GenBank using the ecoTag software (http://
www.grenoble.prabi.fr/trac/OBITools). This program
relies on an exact global alignment algorithm (Needel-
man & Wunch 1970) to align each sequence from the soil
core sample with sequences in the database and calcu-
late their similarity. Taxon identification required a
100% match on the whole sequence length [using the

© 2012 Blackwell Publishing Ltd

NCBI taxon identifier (taxid) (Benson et al. 2009)]. Sev-
eral groups of closely related species had the same P6
loop sequence. As a consequence, the DNA profiling
approach as implemented in this study has a lower taxo-
nomic resolution compared with species lists based on
above-ground surveys.

Temperate site. We selected 25 semi-natural meadows
from subalpine vegetation in the French Alps (Le Pied
du Col, Villar-d’Aréne; 45.04°N, 6.34E°;, 1726-1847 m
a.s.l.). Fourteen meadows were part of a formerly culti-
vated terrace (with a rotation of cereals—mainly bar-
ley—and potatoes) abandoned at different dates
between 1810 and 1986. Date of abandonment and
which crops had been planted were known from local
registers. The remaining 11 meadows have never been
cultivated and were within 1-4 km of the formerly cul-
tivated meadows. Eight soil cores were taken at the
time of the above-ground survey using a clean steel cor-
ing sampler. Soil samples were preserved dry in silica
gel before DNA extraction. DNA was extracted from
3 g of dry soil using the PowerMax Soil kit. The P6 loop
of the plastid DNA trnL (UAA) intron was amplified
using the ¢ and & primers that had been 5-labelled for
each soil core sample with a unique nine-nucleotide tag
(with at least three differences among tags). All PCR
products from the different samples were first titrated
using capillary electrophoresis (QIAxel; QIAgen GmbH,
Hilden, Germany) and then mixed together, in equimo-
lar concentration, before the sequencing. The sequenc-
ing was carried out on an Illumina Genome Analyzer
IIx (Illumina, San Diego, CA, USA), using the Paired-
End Cluster Generation Kit V4 and the Sequencing Kit
V4 (Illumina), following the manufacturer’s instructions.
A total of 108 nucleotides were sequenced on each
extremity of the DNA fragments. The sequence reads
were analysed using the OBITools (http://www.
grenoble.prabi.fr/trac/OBITools). First, the direct and
reverse reads corresponding to a single molecule were
aligned and merged using the solexaPairEnd program,
taking into account quality of data during the alignment
and the consensus computation. Then, primers and tags
were identified using the ngsfilter program. Only
sequences with perfect match on tags and a maximum
of two errors on primers were selected. The amplified
regions, excluding primers and tags, were kept for fur-
ther analysis. Strictly identical sequences were clustered
together using the obiuniq program, keeping the infor-
mation about their distribution among samples.
Sequences shorter than 10 bp, or containing ambiguous
nucleotides, or with occurrence lower or equal to 10
were excluded using the obigrep program. Finally,
taxon identification was carried out by combining
the results obtained with a BLAsT search in the EMBL
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database and the list of species known to be present in
the area.

Tropical site. Our tropical site was located in central
French Guiana, at the Nouragues Research Station,
located North of the Arataie River, a tributary of the
Approuague River, 100 km South of Cayenne (4°0526 N,
52°4048 W°; 114 m a.s.l.). The vegetation here is a pris-
tine lowland tropical rain forest. Rainfall is 2824 mm per
year (average 1988-2008) with a dry season averaging
2.5 month, from late August to early November, and a
shorter dry season in March. The plant diversity of the
100 000 ha Nouragues Natural Reserve surrounding the
study site is high, with a local flora exceeding 1700
angiosperm species. In August 2009, 49 soil cores were
sampled across 25 hectares of the Grand Plateau perma-
nent sampling tree plot (Bongers et al. 2001). This plot is
covered with an old-growth tropical forest with canopy
height around 35 m above ground, and it harbours a spe-
cies diversity of c. 200 tree species per hectare. Within
this plot, 100 litterfall collectors were set up in February
2001, and collections have been made twice monthly
since this date as part of a long-term monitoring pro-
gramme (see Norden et al. 2007, Chave et al. 2008 for
more details). The soil cores were collected within 5 m of
every other litterfall collector, at a random location.
Sequencing and data analysis of the sequence reads
obtained were identical to those implemented for tem-
perate soil (see above), except that identification of the
different taxa was carried out using the EMBL database.
The chloroplast trnl. (UAA) intron sequences of most
tree species of the Nouragues research station (Gonzalez
et al. 2009) have been uploaded to the EMBL database.

Statistical analyses

In the boreal site analysis, we used an ordination method,
nonsymmetric correspondence analysis, which is consis-
tent with the decomposition of Simpson diversity (Pélis-
sier et al. 2003). Simpson diversity is a diversity measure
giving more weight to frequent species (Sugihara 1982).
The ordination was based on presence-absence data, for
above-ground vegetation at the taxonomic level of spe-
cies and for soil DNA at the taxonomic level of genus.

To investigate further how the relative abundance of
DNA sequences retrieved from next-generation sequenc-
ing of the soil extracts reflected relative biomass, and as
above- and below-ground biomass differences are likely
to be related to functional groups, we grouped the boreal
species according to plant growth forms (Chapin et al.
1996). We focussed on three dominant growth forms cen-
tral to ecosystem processes and services (Brathen et al.
2007; Wookey et al. 2009): woody plants, graminoids and
forbs. We used linear models to relate the proportion of
the total soil DNA fragment pool to the proportion of
total above-ground biomass for each growth form. We
logit-transformed proportions of woody growth forms,
as some proportions were close to 0/1. Predicted values
were back-transformed to the proportion scale.

Length of the DNA marker used and diversity of plant
species recovered

To test the influence of marker length on the diversity
of plant species recovered using the DNA approach, we
performed an additional analysis of four samples from
the boreal site and four samples from the tropical site.
These eight DNA extracts were amplified with the rbcL
primers recommended by the CBoL Plant Working
Group (2009) (rbcLa_f 5-ATGTCACCACAAAC AGA
GACTAAAGC-3" and rbcLa_rev 5-GTAAAATCAAGTC
CACCRCG-3’). These primers amplify a 553-bp frag-
ment of the rbcL gene. The amplification products were
sequenced on the Roche GS FLX platform following the
manufacturer’s instructions.

Results

Boreal site: taxonomic and growth form diversity
of current vegetation

PCR amplification of the trnL P6 loop and high-through-
put sequencing of the soil DNA resulted in 176 283 taxo-
nomically identified sequences (Table 1; Table SI, see
Data accessibility), corresponding to a total of 29 families,
66 genera (or sets of closely related genera with identical
barcodes) and 79 species (or sets of closely related species
with identical barcodes). Of the 71 plant species identified

Table 1 Summary of the DNA results obtained in the three different sites (boreal, temperate and tropical). Only the most common
molecular operational taxonomic units representing a total of 80% of the sequence data sets were considered

No. of soil core Sequencing No. of sequence No. of families
Sites samples platform reads analysed identified
Boreal (Varanger, Norway) 72 Roche 454 FLX 176 283 29
Temperate (French Alps, France) 200 (for 25 plots) [llumina GA IIx 3901 106 31
Tropical (Nouragues Field Station, French Guiana) 49 Illumina GA IIx 1 636 455 34
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in the above-ground vegetation, 47 species and seven
species sets (each consisting of from two to six closely
related species) matched unique DNA barcodes. Only six
species, representing 0.7% of the total biomass and 2.4%
of occurrences, were not recovered from the soil DNA
(Table S1, see Data accessibility). Multivariate ordina-
tions gave very similar results for above-ground vegeta-
tion composition and soil DNA data (Fig. 1). Heath and
meadow plant communities were clearly separated by
both approaches; furthermore, the differences in above-
ground vegetation composition of the meadow commu-
nities were also clearly identified by the soil DNA analy-
sis.

Biomass and DNA sequence proportions were strongly
related over the range of sample values, but the relation-
ship differed among growth forms (Fig. 2). For grami-
noids, the relationship was approximately 1 : 1. Woody
plants, which dominated the biomass of the heath habi-
tats, constituted a substantially lower proportion of the
soil DNA. Conversely, forb representation in soil DNA
was greater than in above-ground biomass.

Temperate site: persistence of soil DNA

Crops cultivated 40-50 years ago could still be detected,
albeit at low frequencies (Fig. 3). There was a positive
relationship between the number of DNA sequences

and the number of years since crop abandonment,
reflecting the decay of DNA in soil. We never detected
crop sequences in the 11 uncultivated plots.

Tropical site: high diversity recovered

We were able to extract 4343 unique sequences. These
sequences corresponded to a large number of taxa: 216
molecular taxonomic units and 34 families have been
identified. Because of the relatively low sequence varia-
tion of the P6 loop of the trnL intron in some families
(e.g. Sapotaceae, Lauraceae), some of the molecular tax-
onomic units identified might correspond to several
species (Table 1 and Table S2, see Data accessibility). A
partial botanical census is available for this 25-ha plot,
and it currently lists over 600 tree species and 100 fami-
lies, thus even our small sample of 49 soil cores
included up to a third of the plant species in the plot.

Comparison between the P6 loop of the trnL intron
and rbcL

For rbcL, the DNA amplification was weaker in tropical
soils than in boreal soils, and we obtained a total of
70 469 and 7855 sequence reads for the boreal and the
tropical samples, respectively. Table 2 summarizes the
results obtained. Clearly, the short P6 loop of the trnL

Fig. 1 Multivariate ordination of plant
diversity of heath (A to D) and meadow
(A to D) communities based on above-
ground vegetation biomass (full circles)
and soil DNA (open circles) for the bor-
eal site. Ellipses show within-commu-
nity variability of vegetation
(continuous) and soil DNA (dotted)
samples.

r
1

Heath A!
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Fig. 2 Relationship between proportion of soil DNA and pro-
portion of above-ground biomass for three functional groups,
woody plants, graminoids and forbs (boreal site). The equiva-
lence line (dotted) and fitted models (continuous lines) are shown
together with significance level P. Models relate proportions (for-
bs and graminoids) or logit-transfomed proportions (woody).
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Fig. 3 Relationships between frequencies of soil DNA
sequences (log(x + 1)) and year of crop abandonment as
recorded in local registries. Two crops dominated: cereals [Tri-
ticeae, mainly barley, Hordeum vulgare, but also rye (Secale cere-
ale) and oat (Avena sativa)] and potato (Solanum tuberosum).
Different plots were sampled for each year of abandonment (2
plots for 1986, 3 for 1971, 3 for 1960, 3 for 1952 and 3 for 1810)
and for meadows that were never cropped (i.e. control, 11
plots). The 2.5 per mil’ line generally indicates the mean con-
tribution of crop sequences in all plots that were previously
cultivated.

intron is much more efficient than the longer rbcL mar-
ker for estimating plant diversity based on soil DNA.

Discussion

Our results show that soil DNA metabarcoding can be
applied across a variety of biomes and reveals even
taxa that are not detectable through traditional surveys.
First, soil DNA metabarcoding led to an excellent match
with above-ground diversity for the boreal plant com-
munities. Second, crops cultivated a few decades ago
were still detectable in modern soil, but their frequency
declined to a very low level after c. 50 years. Third,
even in moist tropical environments where DNA
should quickly degrade, we were able to recover and
assign to taxonomic units large number of sequences.
We discuss below some of the main challenges or
opportunities raised by the use of DNA metabarcoding.

Differences between DNA sequence frequencies and
biomass are probably related to the absolute amount of
DNA in the soil associated with different litter turnover
rates (Cornelissen et al. 2007) or root : shoot biomass
ratio differences among growth forms (Aerts & Chapin
2000). While the woody component of above-ground
biomass of shrubs is highest, graminoids are richer in
lignins than are forbs. This could explain the observed
relationships between functional group biomass and
DNA abundance and leads us to suspect that DNA val-
ues may relate more to biomass turnover than total bio-
mass. These differences also suggest that relative DNA
frequencies cannot be interpreted without a proper cali-
bration and identification of the factors affecting both
DNA quantities in soil and potential PCR bias.

We need to understand better the temporal and spatial
representation of vegetation by soil samples. Our analy-
ses show that soil DNA samples collected within boreal
meadow and heath plots <100 m apart are clearly dis-
tinct in terms of diversity patterns based on functionally
important species. As such the vegetation turnover, or
beta diversity among samples, was well depicted by soil
DNA. At the temperate site, meadows that were never
cultivated for crops located 1 km from formerly culti-
vated meadows showed no crop DNA sequences. This
matches our initial expectation that locally produced bio-
mass contributes the large majority of the soil DNA.
However, wind, above- and below-ground water flow or
animals can transport DNA over longer distances, and
hence, the occurrence of a few sequences at a location
does not necessarily imply that the species is or has been
present locally. Accordingly, among the 176 283
sequences extracted from the boreal samples, we identi-
fied 301 sequence reads matching 22 plant species that
were not in the local flora but likely part of a more regio-
nal species pool (Table S1, see Data accessibility).

© 2012 Blackwell Publishing Ltd
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Table 2 Comparison between the P6 loop of the trnL. (UAA) intron and rbcL for assessing the plant diversity using total DNA

extracted from soil samples

Length of the
PCR product
(without primers)

Number of sequences
in public databases
(release 103 of EMBL)  boreal experiment

Number of MOTUs identified ~Number of MOTUs
in four samples of the identified in four samples
of the tropical experiment

P6 loop of the trnl. 10-143 bp (99% <100 bp) 53 207
(UAA) intron
rbcL. 553 bp 10 997

30 106

12 14

MOTUs, molecular operational taxonomic units.

Vegetation in northern environments is mainly com-
posed of perennial species, and change is typically
slow. Given the modern (i.e. 0-50 year) age of the soil
samples, and the low rate of DNA degradation in cold
environments, this can explain the exceptional match of
the two data sets. The analyses of the soil samples from
the temperate site show that DNA can persist over dec-
ades; the frequency of crop sequences was, however,
very low after 40-50 years. DNA metabarcoding can
therefore offer a more integrated and longer time per-
spective on plant communities than, for example, revis-
iting previously sampled plots (e.g. Kapfer et al. 2011),
as this approach suffers from biases such as false
absences (Kéry et al. 2006) and annual variability (Kéry
et al. 2006). By integrating DNA degradation rates, rela-
tionships between above-ground biomass and DNA soil
frequencies, and present vegetation surveys, we may
infer vegetation changes that have occurred over the
last decades. For example, it might be possible to assess
which plant species were dominant before human influ-
ences profoundly modified vegetation composition.

This study is the first to explore the potential of DNA
metabarcoding in assaying the plant diversity at a spe-
cies-rich tropical forest site. We anticipated that our
technique might be faced with a serious challenge in
the tropics, because it was not sure that sufficient
amounts of DNA could be extracted from a moist tropi-
cal soil where rapid DNA degradation could be
expected. We nevertheless found that our approach was
efficient, resulting in detection of more than 200 molec-
ular operational taxonomic units. Finally, the best match
of the sequences were in virtually all cases plant species
that are known to occur at the site (Table S2, see Data
accessibility), demonstrating that this technique may be
used for rapid assessment programmes.

One potential limitation of DNA metabarcoding using
soil DNA is the constraint concerning the length of the
barcode. Only very short barcodes are efficient, as dem-
onstrated by the comparison between the short P6 loop
fragment and the longer rbcL marker (Table 1). The tax-
onomic resolution of the DNA barcode used here (the
trnL. P6 loop) allowed a sound comparison of above-
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ground and soil DNA plant diversity. However, resolu-
tion is relatively low for some families both in the bor-
eal and temperate sites (Poaceae, Cyperaceae,
Asteraceae and Salicaceae) and in the tropics (Sapota-
ceae, Lauraceae, genus Inga in the mimosoid legumes).
Analysing additional short plastid or nuclear DNA frag-
ments could reduce or remove this limitation. For
instance, at the tropical site, a preliminary analysis of a
short fragment (66-107 bp) from the ITS region in the
ribosomal DNA was shown to be more effective in dis-
criminating within the Sapotaceae than any of the plas-
tid fragments (unpublished results).

Given the expected improvement of sequencing tech-
nology (Shendure & Ji 2008), the expected increase in
DNA barcoding resolution by analysing additional
DNA fragments, and the possibility of identifying other
groups of organisms from the same DNA extracts (e.g.
bacteria, insects, fungi, nematodes), analysing soil DNA
should in the near future provide an efficient and eco-
nomical approach to assess states and understand
changes in ecosystem structure and function across the
globe.
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