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Abstract

Earthworms are known for their important role within the functioning of an ecosystem,
and their diversity can be used as an indicator of ecosystem health. To date, earthworm
diversity has been investigated through conventional extraction methods such as
handsorting, soil washing or the application of a mustard solution. Such techniques
are time consuming and often difficult to apply. We showed that combining DNA
metabarcoding and next-generation sequencing facilitates the identification of earth-
worm species from soil samples. The first step of our experiments was to create a
reference database of mitochondrial DNA (mtDNA) 16S gene for 14 earthworm species
found in the French Alps. Using this database, we designed two new primer pairs
targeting very short and informative DNA sequences (about 30 and 70 bp) that allow
unambiguous species identification. Finally, we analysed extracellular DNA taken from
soil samples in two localities (two plots per locality and eight samples per plot). The two
short metabarcode regions led to the identification of a total of eight earthworm species.
The earthworm communities identified by the DNA-based approach appeared to be well
differentiated between the two localities and are consistent with results derived from
inventories collected using the handsorting method. The possibility of assessing
earthworm communities from hundreds or even thousands of localities through the
use of extracellular soil DNA will undoubtedly stimulate further ecological research on
these organisms. Using the same DNA extracts, our study also illustrates the potential of
environmental DNA as a tool to assess the diversity of other soil-dwelling animal taxa.
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through handsorting or soil washing (Bouché 1972;

Introduction

Constituting up to 80% of total soil-animal biomass,
earthworms are known for their important role in eco-
system functioning (Edwards & Bohlen 1996; Bardgett
2005). Their diversity can be used as an indicator for
ecosystem health (e.g. Buckerfield et al. 1997; Rombke
et al. 2005).

To date, earthworm inventories have been accom-
plished through passive and behavioural methods
(Edwards & Bohlen 1996). Passive methods require the
physical separation of earthworms from the soil
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Edwards & Bohlen 1996). Behavioural methods use a
physical or chemical stimulus to extract the worms.
Such stimuli include the application of heat (Coja et al.
2008), electricity (Schmidt 2001; éoja et al. 2008; Eisen-
hauer et al. 2008), vibrations (Catania 2008; Mitra et al.
2009) and mustard (Chan & Munro 2001; Bartlett ef al.
2006; Eisenhauer et al. 2008) or AITC (Alloisothiocya-
nate) solution (Zaborski 2003; Coja et al. 2008; Pelosi
et al. 2009). As yet, there is no universal and efficient
method to realistically estimate the biomass and abun-
dance of earthworm communities (Bartlett et al. 2006;
Coja et al. 2008). Biases such as physicochemical soil
parameters (éoja et al. 2008; Eisenhauer et al. 2008),
earthworm activity (Callaham & Hendrix 1996), life
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stage (Bartlett et al. 2006; Coja et al. 2008; Pelosi et al.
2009) and spatial distribution (Zaborski 2003; Bartlett
et al. 2006) influence the efficacy of all extraction proce-
dures. The combination of different methods such as
handsorting and washing (Edwards & Bohlen 1996), or
handsorting in combination with the application of
AITC solution (Bartlett et al. 2006; éoja et al. 2008;
Pelosi et al. 2009), seems to give the best estimates of
earthworm communities. However, these methods are
time consuming and sometimes difficult to apply
because of logistic constraints (Coja et al. 2008).

Recent conceptual and technical developments have
the potential to revolutionize how earthworm commu-
nities are assessed. First, the use of a short DNA
sequence, the DNA barcode, has transformed species
identification (Valentini ef al. 2009a). This approach
offers a reliable earthworm identification method (e.g.
Pop et al. 2003; Chang ef al. 2009; but see King et al.
2008; Rougerie et al. 2009; James et al. 2010; Dupont
et al. 2011 for a discussion of the potential pitfalls). Sec-
ond, dramatic improvements in sequencing technologies
allow the production of millions of sequence reads in a
single experiment (Shendure & Ji 2008; Glenn 2011).
The metabarcoding approach, used in conjunction with
next-generation sequencers, should make it possible to
implement a new high-throughput methodology to
assess earthworm diversity using soil DNA, that is,
extracellular earthworm DNA left behind in soil (Mina-
miya et al. 2011). Such DNA is highly degraded
because of metabolic activities in the soil (Nielsen ef al.
2007). As a consequence, we must concentrate on a
short and variable DNA fragment that is likely to dis-
criminate between different earthworm species. This
variable fragment must be flanked by conserved
regions; this will allow the design of primers that
amplify most earthworm species. Previous DNA bar-
coding studies of earthworms have focused mainly on
the mitochondrial cytochrome c¢ oxidase subunit 1
(CO1) gene (Huang et al. 2007; King et al. 2008; Rouge-
rie et al. 2009; Chang et al. 2009; Richard et al. 2010).
The standardized DNA fragment coding for CO1
(658 bp; Hebert et al. 2003) is too long to use for ampli-
fying highly degraded DNA from soils (Taberlet et al.
in press; P. Taberlet, E. Coissac, F. Pompanon, C. Broch-
mann & E. Willerslev, unpublished), and the COI mini-
barcode (130 bp; Meusnier et al. 2008) does not work
with earthworms (data not shown). Therefore, we will
focus on mitochondrial 165 rDNA, which allows the
design of very short metabarcodes because of the alter-
nations of several conserved and variable regions.

The objective of this study was to adjust and validate
an innovative methodology for assessing earthworm
communities using soil DNA. More specifically, our
goal was first to design new versatile primer pairs

amplifying very short variable regions of the 165 gene
(mtDNA) and then to test these short metabarcodes in
silico and empirically. Finally, we compared the results
obtained with inventories collected using traditional
methods (i.e. handsorting, soil washing and chemical
extraction). Another objective was to apply these tech-
niques beyond earthworms and to investigate the possi-
bility of using environmental DNA to analyse the
whole spectrum of local biodiversity. This means that
the same DNA extracts could potentially be used to
assess the diversity of all organisms living in soil,
including microorganisms, plants and animals.

Materials and methods

General strategy

Figure 1 presents our general strategy. As described in
step 1 of that figure, our goal was first to create a refer-
ence database for mtDNA 165 genes using universal
primers (ewA and ewF, see Table 1 and Fig. 2) taken
from 70 earthworms that had been manually collected
from different sampling sites in the Grenoble region.
Individual earthworms had been identified through
both morphological characteristics and cytochrome ¢
oxidase subunit I (COI) barcodes.

Two new pairs of internal primers were subsequently
designed (ewB/ewC and ewD/ewE; Table 1) in accor-
dance with the 165 database. These primers target very
short DNA sequences (about 30 and 70 bp, respec-
tively), which allows efficient amplification from soil
samples. We tested them using an in silico PCR (details
below), before carrying out empirical experiments that
produced sequence data from soil samples (step 2).
Finally, we analysed the sequence data and compared
the results with those derived from handsorting inven-
tories (step 3).

Study sites and sampling

Earthworms analysed for the reference database were
collected from numerous habitats in the Grenoble
region (Chartreuse massif, Isere valley). Earthworms
were collected manually and, because of logistical con-
straints, without any application of reagents. They were
stored in a 70% ethanol solution before DNA extrac-
tion.

The first study site is situated in the Chartreuse mas-
sif in a dell near a village called ‘les Cottaves’” and route
D57b [Geographic coordinates; Amont (Plot 1) Longi-
tude: 05°46’59” E, Latitude: 45°18’48” N-Aval (Plot 2)
Longitude: 05°46’52” E, Latitude: 45°18'45” N]. The
second is on the Campus de Grenoble (Isére, France)
(Geographic coordinates; Isere (Plot3) Longitude:
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Step 1: Construction

Step 2: Production of sequence

Fig. 1 Methodology applied for analyz-
ing earthworm biodiversity from soil
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Table 1 Primers used in this study. The code reflects the posi-
tion of the 3’ nucleotide in the Lumbricus terrestris mitochon-
drial DNA reference sequence (accession no.: U24570)

Name Code Length  Sequence 5-3

ewA F11639 20 CGACTGTTTAACAAAAACAT
ewB F11859 21 CAAGAAGACCCTATAGAGCTT
ewC  RI11891 17 GGTCGCCCCAACCGAAT

ewD F11907 17 ATTCGGTTGGGGCGACC

ewE R11982 21
ewF R12121 22

CTGTTATCCCTAAGGTAGCTT
CGCGGTCTGAACTCAGCTCATG

05°4626” E, Latitude: 45°11’59” N-Vercors (Plot 4) Lon-
gitude: 05°4626” E, Latitude: 45°11’56” N). The first site
is in undisturbed woodland on cambisols that includes

© 2012 Blackwell Publishing Ltd

fir and beech trees (Abies alba and Fagus sylvatica). The
environment of the second study site is a maintained
meadow on fluvisols and dominated by Lolium perenne
and Festuca rubra.

Handsorting inventories (Bouché 1972) were con-
ducted by digging out earthworms on 0.5-m” sample
plots without any application of reagents. The individu-
als collected from each sample plot were identified
based on morphology. Because morphology-based iden-
tification of juveniles from the Aporrectodea genus is dif-
ficult, and many juveniles were collected, all of the
individuals of this genus were grouped together and
recorded as Aporrectodea sp.

The DNA-based approach was implemented in
the same sampling sites that were used for the hand-
sorting inventories. In each sampling site (Grenoble and
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Fig. 2 Schema of 165 DNA sequence in earthworms showing variable (white) regions, conserved (grey) regions and positions of the

primers designed for this study.

Chartreuse), two sampling spots were chosen for repli-
cation. The sampling procedure consisted of collecting
four surface (020 cm depth) and four sub-surface (20—
40 cm depth) soil layer samples per spot, contained
within a radius of 10 m. We collected about 0.5 kg of
soil per sample using a soil corer. We applied precau-
tionary measures in the field to avoid cross-contamina-
tion between soil samples; this included sterilizing all
material (drill, sieve, etc.) with a high-temperature
flame. Soil sampling was carried out in January (Greno-
ble) and March (Chartreuse).

16S reference databases from earthworm tissues

All DNA extractions were performed in a room dedi-
cated to nucleic acid extractions. Total DNA was
extracted from about 25 mg of earthworm tissue with
the QIAmp Tissue Kit (Qiagen GmbH), following the
manufacturer’s instructions. Mock extractions without
samples were systematically performed to monitor for
possible contaminations. The success of DNA extraction
was confirmed by agarose gel electrophoresis (2%).
DNA amplifications of a 467-472 bp of mitochondrial
16S gene were carried out in a final volume of 25 uL,
using 3 pL of DNA extract as template. The amplifica-
tion mixture contained 0.6 U of AmpliTaq® Gold DNA
Polymerase (Applied Biosystems), 10 mm Tris-HC],
2 mMm of MgCl2, 0.1 mm of each ANTP, 1 pm of each pri-
mer (ewA/ewF; Table 1 and Fig. 2) and 250 pg/mL of
bovine serum albumin (BSA; Roche Diagnostic). The
primers ewA and ewF were designed for this study.
They target the exact homologous sequences of the uni-
versal primers for 16S (Palumbi 1996) but have been
slightly modified according to the complete Lumbricus
terrestris mitochondrial DNA sequence (Boore & Brown
1995). The mixture was denatured at 95 °C for 10 min,
followed by 35 cycles of 30 s at 95 °C and 30 s at 50 °C.
The elongation step was carried out at 72 °C for 60 s.
Each PCR product was purified using the QIAquick
PCR Purification Kit (Qiagen GmbH), and DNA was
quantified by agarose gel electrophoresis (2%).
Earthworm species identifications for building the
16S reference database were secured by using the stan-
dardized DNA barcoding method (Hebert et al. 2003).
The mitochondrial COI sequence was amplified using

the universal primers HCO2198 (5-TAAACTTCAGGG-
TGACCAAAAAATCA-3) and LCO1490 (5-GGTCAA-
CAAATCATAAAGATATTGG-3) (Folmer et al. 1994),
generating DNA sequences of 658 bp. Initial denatur-
ation was realized at 95 °C during 10 min for polymer-
ase activation. Then, denaturation, hybridation and
elongation were carried out at, respectively, 95 °C for
30s, 52 °C for 45s and 72 °C for 60s. A total of 40
cycles were completed. Each PCR product was purified
using the QIAquick PCR Purification Kit (Qiagen
GmbH), and DNA was quantified by agarose gel elec-
trophoresis (2%).

The sequencing reactions were performed as follows.
We created a mixture that contained 4 puL of big dyes
v3.1, 2 puL of a 10 pm solution of each primer (ewA/ewF
for 165 gene fragments and HCO2198/LCO1490 for COI
gene fragments), which were added separately in two
different microplates. The mixture also contained the
purification product, the amount of which varied
according to its intensity on the agarose gel, and ultra-
high-quality (UHQ) water to adjust DNA concentra-
tions. Denaturation, hybridation and elongation were
carried out at, respectively, 96 °C for 30 s, 50 °C for 30 s
and 60 °C for 4-5 min. A total of 25 cycles were com-
pleted. Before electrophoresis, a purification step was
performed using gel filtration on Sephadex G50/Seph-
acryl S200 columns. Electrophoresis was carried out
using the 3130 XL Genetic Analyser (Applied Biosys-
tems).

165 and COI sequences were corrected and aligned
using SeqScape v2.5 (Applied Biosystems) and BioEdit
v7.0.9.0 (Hall 1999) for correction and Seaview 4 (Galtier
et al. 1996) for alignment. Species determination was
based on morphological identification and on the com-
parison of CO1 sequences with those from the Barcode
of Life Data Systems (BOLD; Ratnasingham & Hebert
2007) containing reference libraries for earthworms col-
lected during a recent DNA barcoding campaign (Rou-
gerie et al. 2009).

Design and in silico evaluation of short metabarcodes

The alignment of the 165 ewA/ewF sequences revealed
three highly conserved regions flanking variable seg-
ments, which allowed the design of two versatile pairs

© 2012 Blackwell Publishing Ltd
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of primers that generate short sequences for application
on soil samples (Table 1 and Fig. 2). The in silico effi-
ciency of these primers and of their respective metabar-
codes have been tested against all sequences available
in public databases (EMBL, release 107). This was car-
ried out using the ecoPCR program (Ficetola et al.
2010), applying the following parameters: length of
amplified sequences from 5 to 200 bp, perfect match
between the primer sequence and the target sequence
for the two last nucleotides on the 3" end of each primer
and a maximum of three mismatches on the remaining
sequence of the primers.

Extracellular soil DNA analysis

Eight DNA extractions corresponding to the eight sam-
ples collected per plot were carried out. For each sam-
ple, DNA was extracted from approximately 6 g of wet
soil. We used the PowerMax® Soil DNA Isolation Kit
(Mo Bio Laboratories) following the manufacturer’s
instructions. Eight DNA amplifications were performed
per plot (one per sample), plus two amplifications using
a mix of the extracts corresponding to the 0-20 and 20-
40 cm depth samples, respectively. Thus, a total of 10
DNA amplifications were conducted per plot. DNA
amplifications were realized in a final volume of 50 pL
using 4 pL of DNA extract. The mixture contained
0.6 U/tube of AmpliTaq® Gold DNA Polymerase
(Applied Biosystems), 2 mm MgCl,, 0.2 pm of each
dNTPs, 250 pg/mL of bovine serum albumin (BSA;
Roche Diagnostic), 0.2 um of each primer (Sigma) and
finally UHQ water to bring each sample to the final vol-
ume. Initial denaturation was realized at 95 °C during
10 min for polymerase activation. Then, denaturation,
hybridation and elongation were carried out, respec-
tively, at 95 °C for 30s, 58 °C for 30 s and 72 °C for
60 s. A total of 50 cycles were completed. Each sample
was independently amplified with a pair of ewB/ewC
and ewD/ewE primers (Fig. 2). The primers were mod-
ified by the addition of specific tags on the 5" end to
allow sequence reads to be assigned to the relevant
sample (Valentini ef al. 2009b). As a consequence, all of
the PCR products were tagged identically on both ends.
These tags were composed of CC on the 5 end fol-
lowed by nine variable nucleotides that were specific to
each sample. The nine variable nucleotides were
designed using the oligoTag program (http://www.
prabi.grenoble.fr/trac/OBITools) with at least three dif-
ferences among the tags, without homopolymers longer
than two and avoiding a C on the 5 end. All the PCR
products from the different samples were first titrated
using capillary electrophoresis (QIAxel; QIAgen GmbH)
and then mixed together in equimolar concentration
before the sequencing.

© 2012 Blackwell Publishing Ltd

The sequencing was carried out on the Illumina/
Solexa Genome Analyzer IIx (ILMN), using the Paired-
End Cluster Generation Kit V4 and the Sequencing Kit
V4 (ILMN), and following 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
program (http://www.prabi.grenoble.fr/trac/OBITools).
First, the direct and reverse reads corresponding to a
single molecule were aligned and merged using the solex-
aPairEnd program, taking into account data quality dur-
ing both the alignment and the consensus computation.
Then, primers and tags were identified using the ngsfilter
program. Only sequences with a perfect match on tags
and a maximum of two errors on primers were taken into
account. The amplified regions, excluding primers and
tags, were kept for further analysis. Strictly identical
sequences were clustered together using the obiunig pro-
gram, keeping the information about their distribution
among samples. Sequences shorter than 20 bp for the
ewB/ewC fragment and 50 bp for the ewD/ewE frag-
ment or containing ambiguous nucleotides or with occur-
rence lower or equal to 100 were excluded using the
obigrep program. Taxon assignments were performed
using following two methods. The first method used the
ecoTag program (Pegard et al. 2009). EcoTag relies on an
exact global alignment algorithm (Needleman & Wunsch
1970) to find highly similar sequences in the locally con-
stituted reference database for our both markers. The sec-
ond method is based on BLAST (Altschul et al. 1990,
1997) and on the whole nonredundant database (NR)
through the public NCBI web site (http://blast.ncbi.
nlm.nih.gov/). Only BLAST matches spanning the whole
query sequence and with at least 95% of identity were
considered. A taxon was assigned to each unique
sequence. This unique taxon corresponds to the last com-
mon ancestor node in the NCBI taxonomic tree of all the
taxids annotating the sequences of the reference database
that matched against the query sequence. Automatically
assigned taxonomic identifications were then manually
curated to further eliminate those few sequences that
were the probable result of PCR artifacts and those that
did not correspond to any 16S sequences present in the
reference database or in public databases. Finally, rare-
faction curves per plot were drawn for both locations
and for both fragments (ewB/ewC and ewD/ewE), show-
ing the number of earthworm species detected according
to the number of samples. We considered an earthworm
species to be present if the number of its sequence reads
was greater than 100 per sample. As the number of sam-
ples per plot was only eight, we estimated the number of
species detected using an exhaustive approach, scanning
all possible sample subsets with a cardinality ranging
from one to eight.
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Results

The reference database

The morphological determination of earthworm species
is based on the taxonomy of the ‘Museum National
d’Histoire Naturelle’” according to the ‘Inventaire
National du Patrimoine Naturel’ (TAXREF v3.0; http://
inpn.mnhn.fr/). Five of 70 individuals have not been
identified to the species level. Overall, results from
sequencing of the cytochrome c oxidase subunit one
region were reliable. Nine of the 70 samples were
excluded from the data set because of ambiguous electr-
opherograms. Low sequence quality was observed for
Allolobophora icterica and Lumbricus friendi. Each frag-
ment has been compared using BLAST (Altschul et al.
1997) on the National Centre for Biotechnology Infor-
mation (NCBI) website (http://blast.ncbi.nlm.nih.gov/)
and using the default settings on the Consortium for
the Barcode of Life (CBoL) (http://www.boldsystems.
org/views/idrequest.php) website. Species identifica-
tions with a percentage of sequence similarity below
95% were considered to be insignificant (see e.g. Chang
et al. (2009) for examples of intra- and interspecific
genetic distances). CO1 sequence data allowed us to
refine the morphological identifications of juvenile indi-
viduals, and when alcohol preservation prevented the
analysis of morphological characteristics. We identified
14 earthworm taxa to the species level. However, for
one tissue sample, the similarity to any available
sequence in public database was less than 90%, with
the closest matches being to several species of the Apor-
rectodea genus; this sample was thus identified as Apor-
rectodea sp.

Results of the 165 DNA sequencing using the
ewA/ewF primer pair produced high sequence quality
with fragment lengths ranging from 467 to 472 bp.
Using public databases, we confirmed that ewB, ewC,
ewD and ewE primers were conserved in all earth-
worms worldwide, with only slight variations in some
species (not affecting the 3’-end of the primer). Cluster-
ing of ewB/ewC and ewD/ewE sequences provided an
excellent discrimination between species, with a single
exception: Aporrectodea longa and Aporrectodea nocturna
have the same ewD/ewE metabarcode. We even
observed intraspecific variation for five species, Ap. ict-
erica, Aporrectodea rosea, Lumbricus castaneus, Lumbricus
rubellus and Lumbricus terrestris (Table 2).

In silico assessment of the primers ewB/ewC
and ewD/ewE and of their amplified metabarcodes

The four primers amplifying the ewB/ewC and
ewD/ewE metabarcodes match extremely well with

their target sequences, achieving no mismatches in a
large majority of cases (97.19%, 96.00%, 95.99% and
89.75% for ewB, ewC, ewD and ewE, respectively). Of
the 2698 primer/target sequence matches involving the
four primers, we obtained 2556, 136, 5 and 1 cases with
0, 1, 2 and 3 mismatches, respectively.

For the ewB/ewC fragment, we obtained an in silico
amplification for 676 earthworm  (Lumbricina)
sequences, with 361 unique sequences corresponding to
257 species and 66 genera. For the ewD/ewE fragment,
we obtained 673 earthworm (Lumbricina) sequences,
with 408 unique sequences corresponding to 254 species
and 62 genera. The distribution of these unique
sequences among the different Lumbricina families is
given in Table 3.

Soil DNA analysis

We obtained a total of 12 711 955 and 2 611 172 aligned
sequences with perfect matches on tags, and with no
ambiguous nucleotides, which corresponds to 421 745
and 161 672 unique sequences for ewB/ewC and
ewD/ewE, respectively. After removing sequences that
corresponded to PCR artifacts (sequences shorter than
expected) and sequences occurring less than 100 times
in the whole dataset, we end up with 848 and 474
unique sequences for ewB/ewC and ewD/ewE, respec-
tively. Only those sequences with proper species identi-
fication were taken into account. Sequence similarity
had to be >95% when compared with the NCBI and
the 16S reference databases. Finally, to further limit the
impact of PCR and sequencing errors, the sequences
that fell below the limit of 1/10 000 for ewB/ewC and
7/10 000 for ewD/ewE of the most common sequence
were been excluded from the data set. As a conse-
quence, only sequences with occurrences higher than
400 and 100 were kept for ewB/ewC and ewD/ewE,
respectively.

Results from soil DNA analysis are displayed in
Table 4 for the ewB/ewC metabarcode and in Table 5
for the ewD/ewE metabarcode. In these tables, the
number of reads corresponds to the sum of all reads
observed per plot for the ten DNA amplifications. It is
interesting to note that the results provided by each
extraction/amplification are relatively heterogeneous.
When combining all the results of the 10 per plot ampli-
fications, species identification using ewB/ewC and
ewD/ewE primers provides almost identical results
(Table 6). Eight species have been determined from
both primer pairs: Allolobophora chlorotica, Aporrectodea
cupulifera, Ap. icterica, Ap. longa, Ap. rosea, Lumbricus
terrestris, Octolasion cyaneum and Octolasion tyrtaeum.
Additionally, we obtained another MOTU (Molecular
Operational Taxonomic Unit) for the ewB/ewC

© 2012 Blackwell Publishing Ltd
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Table 2 Continued

Metabarcode ewD/ewE

Metabarcode ewB/ewC

Species

AGGGAATTACTCATCATCCCTAAGCAAAAGATAATTATATCAAAATACTGACCCT

AATTTAAATAAATGTAAAAAATTTACTAAA

Lumbricus terrestris (1) h3

TCTACAAGATCATTAAAAC
AGGGAATTACTCATCATCCCTAAGCAAAAGATAAATATGTCAAAATACTGACCCT

AATTTAAATAAATATAAAAAATTTACTAAA

Lumbricus terrestris (1) h4

TCCACAAGATCATTAAAAC
AAGGAAAATAAATCATCCTGCTAATATAGATTAATTAATCTAACTTCTGACCCTT

CATTTTAACAAATTTATTAAATTTATTAAG

Octodrilus juvyi (3) hl

AATAAAGATCATTAAAAC

CGGGAAACACACATCATCCCGCAAAATTAGATAAATACATCCTTATATTGACCCT

TAGTTAAGATCAAAAGAAC

CATTTTAATAGAAGCTTACTATTCTAATAAA

Octolasion cyaneum (10) hl

The number of specimens with the same metabarcodes and the haplotype (h) is indicated after the scientific name. The ewA/ewF sequences containing these two short

metabarcodes have been uploaded in EMBL database under the accession nos HE611648-HE611676.

Table 3 Results of the in silico amplification experiment using
all data from public database (EMBL release 107)

Family Region ewB/ewC Region ewD/ewE
Acanthodrilidae 67 66
Aeolosomatidae 0 0
Almidae 1 1
Eudrilidae 0
Glossoscolecidae 1 1
Hormogastridae 54 54
Lumbricidae 119 120
Megascolecidae 415 412
Microchaetidae 0 0
Ocnerodrilidae 5 5
Octochaetidae 3 3
Unidentified family 11 11
Total 676 673

Number of retrieved sequences from the different earthworm
families for the two DNA fragment BC and DE.
Aeolosomatidae, Eudrilidae and Microchaetidae do not show
any retrieved sequences because EMBL (release 107) does not
contain any 16S homologous sequences from these three
families.

fragment, which we identified as Ap. longa or Ap. noct-
urna (recorded as Ap. sp. in Table 6). This sequence
matches perfectly with an Ap. longa sequence in public
database (accession no.: FJ967632) but has a single mis-
match with both Ap. longa (h2) and Ap. nocturna from
our reference database. This ewB/ewC fragment could
correspond to the unidentified Lumbricidee MOTU
ewD/ewE fragment (Table 5). Rarefaction curves show-
ing the number of earthworm species detected accord-
ing to the number of samples are shown in Fig. 3.

Handsorting inventory and comparison with the DNA
approach

Results of handsorting inventories are given in Table 6,
with species identification based only on morphological
characteristics. The handsorting inventories are consis-
tent with the DNA-based method, except for L. friendi
and probably for L. castaneus, which were missed by
the DNA-based approach, and for A. chlorotica and
O. tyrtaeum, which were missed by the handsorting
method.

Discussion

The DNA approach for tracking earthworm communi-
ties delivered extremely promising results. Using extra-
cellular DNA from the soil and very short
metabarcodes, we were able to properly describe earth-
worm communities from two sampling locations. It is
remarkable that earthworm diversity can be revealed by

© 2012 Blackwell Publishing Ltd
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Table 4 Fifteen most abundant mtDNA 16S sequences obtained in two different sampling spots in the Chartreuse massif (Amont,
Aval) and in Grenoble (Isere, Vercors) and the corresponding number of sequence reads obtained in the two locations. These
sequences were amplified with the ewB/ewC primers targeting earthworms DNA in soil samples

Location
Chartreuse Grenoble
Sequence BC Species Amont Aval Isere Vercors
CATCTTAATGAAGACTAAAACTTCACTAAA Aporrectodea icterica 836 954 649 677 834 031 1 359 355
TATTTTAACAAAAACCCAAAAATTTTCAATAAA Aporrectodea longa 2 6 244 463 271 829
CATTTTAATAAAAATTATAAATTTTACTAAA Aporrectodea cupulifera 0 0 236 024 236 678
CATTTTAATAGAAGCTTACTATTCTAATAAA Octolasion cyaneum 468 462 3823 0 2
TATTTTAATAAAATAGTAAATTTTACTAAA Unidentified 334 804 96 337 0 1
TATTATAAATCAATTAATAATTGAGCATA Unidentified 0 372 828 0 0
AATTTAAATAAATATAAAAAATTTACTAAA Lumbricus terrestris 0 0 174 286 143 682
CATTTTAATAGAAAAATAATATCCTAATAAA Octolasion tyrtaeum (P) 306 476 0 0 2
TATCACAATATTTATACAATAAATATTATG Achaeta unibulba; 183 116 68 615 0 0
Enchytraeidae (P)
TATTTTTCTTATACTTTAGTAAACAAAAA Unidentified 96 924 42 148 0 0
AATTTAAATAAATATAAAAAAATTTACTAAA Lumbricus terrestris 0 0 56 131 001
/castaneus
(1 mismatch)
TATTTTAACAAAACCCAAAAATTTTCAATAAA Aporrectodea longa (P) or 2469 105 312 159 145
longa/nocturna
(1 mismatch)
CATTTTAATAAAGATATAAACTTTACTAAA Allobophora chlorotica 0 0 51 953 43 196
(P) (1 mismatch)
TATTTTATTTACCTAAAACAGTAACAAAA Marionina communis; 0 0 62 901 0
Enchytraeidae (P)
TATTTTTCTTATACTTTAGTAAATAAAAA Unidentified 592 61 802 0 0

(P) indicates that the identification was done with public databases. All other identifications rely on the reference database built for

this study.

so short metabarcodes and by analyzing only less than
50 g of soil per sampling plot (i.e. <100 g per sampling
location).

The two short metabarcodes (regions ewB/ewC and
ewD/ewE) were designed using only mtDNA 16S
sequences from earthworms sampled in the Grenoble
region. However, the in silico assessment of the two pri-
mer pairs showed that our method should work world-
wide, for virtually all earthworms (Lumbricina). The four
primers target highly conserved regions, with more than
90% of the cases registering no mismatches between the
primers and the target sequences. Both the in silico
approach and the reference database from the Grenoble
region showed that the two amplified regions have a
surprisingly high variability, not only between, but also
within species (Table 2). As a consequence, our DNA-
based approach has the potential to properly identify the
large majority of earthworm species around the globe.

Overall, the two metabarcodes ewB/ewC and
ewD/ewE (Tables 4 and 5) provided consistent results
when taking into account only records with a high
number of sequence reads. The 2 and 6 reads obtained

© 2012 Blackwell Publishing Ltd

in the Chartreuse locality for Ap. longa (Table 4) clearly
correspond to amplification or sequencing artifacts of
the most common MOTU (identified as Ap. longa with
public database, or as Ap. longa/nocturna with our refer-
ence database). These two MOTUs are identical, except
for an A homopolymer of 4 bp in the MOTU with high
frequency, and 5 bp in the rare MOTU. In the same
way, the 159 and 145 reads obtained in the Grenoble
locality are artifacts from the 244 463 and 271 829 reads,
with an homopolymer of 5bp in the most common
MOTU, and of 4 bp in the rare MOTU. As a conse-
quence, MOTUs with a low frequency correspond in
most of the cases to experimental artifacts, and cannot
be interpreted, even if they perfectly match with a
sequence in a reference database. This is a drawback of
using very short metabarcodes: a single-artifactual
nucleotide can lead to an incorrect species identifica-
tion. However, there is no alternative to using very
short metabarcodes when working with highly
degraded extracellular DNA from soil. Another poten-
tial difficulty is posed by the incompleteness of the
mitochondrial 16S reference databases. At the moment,
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AAGGATAAATCAACCTATACTACATGAGATATACATATCTTTCCAATGATCCTA

CTTTAGATCACCGAACT
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(P) indicates that the identification was done with public databases. All other identifications rely on the reference database built for this study. The number of mismatches is

indicated when the sequence does not perfectly match with the reference sequence.

less than 700 relevant mitochondrial 16S sequences, cor-
responding to about 250 species, are available in public
databases (for a total of about 5000 earthworm species).
Both the ewB/ewC and ewD/ewE primer pairs also
amplify some Enchytraeidae (Tables 4 and 5), despite
that the target region of primers ewC and ewD is not
conserved in this other group of Oligochaeta. In comple-
ment to the ewB/ewC and ewD/ewE primer pairs, it
would be interesting to try to amplify a longer fragment
by using ewB/ewE primers, which produce an ampli-
fied fragment of about 120 bp (without primers). The
disadvantage would be that, if the target DNA were
highly degraded, a strong bias towards the less
degraded template would be observed. The advantage
would be that the two ewB/ewC and ewD/ewE frag-
ments would be associated, leading to a better species
identification. However, the use of ewB/ewE primers
would also lead to the amplification of virtually all
Enchytraeidae, as the two target regions are very well
conserved.

The DNA-based inventories missed L. friendi (and
probably L. castaneus), while the traditional handsorting
missed Allobophora chlorotica and O. tyrtaeum. It is inter-
esting to note that L. friendi and L. castaneus are two
epigeic species, while Al. chlorotica and O. tyrtaeum are
two endogeic species. This means that, using the experi-
mental protocol implemented in this study, the DNA-
based approach is better at detecting endogeic species,
but can miss epigeic species when compared with
handsorting. In fact, manual digging can influence
earthworm behaviour, induce fleeing (Drewes 1984)
and thus lead to underestimates of the diversity of
endogeic species. The failure to detect two epigeic spe-
cies by the DNA-based approach can easily be
explained by our sampling protocol: only four samples
per plot were taken at a depth of 0—20 cm, but without
trying to collect the first few centimetres of soil. Taking
into account the relative heterogeneity of the results
obtained for each sample/extraction/amplification, and
accounting for the tendency of the DNA-based
approach to miss epigeic species, we can give some rec-
ommendations for the soil sampling step. In our study,
we took only eight samples per plot. Our results
(Tables 4-6) and the rarefaction curves (Fig. 3) suggest
that a better representation of the actual earthworm
diversity can be achieved by taking more samples.
These samples should include surface soil to increase
the probability of detecting epigeic species, as well as
samples of several other types taken at different depths.
Furthermore, the extraction method used does not spe-
cifically target extracellular DNA and is more appropri-
ate for studying microorganisms because of a cell lysis
step at the beginning of the procedure. An extraction
method targeting only extracellular DNA and allowing
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Table 6 Comparison between the DNA-based approach and the traditional handsorting method for assessing earthworm diversity

Chartreuse Grenoble

DNA (no. of sequence DNA (no. of sequence

reads) reads)

Handsorting Handsorting

Species ewB/ewC ewD/ewE (no. of individuals) ewB/ewC ewD/ewE (no. of individuals)
Allobophora chlorotica — — — 95 149 3918 —
Aporrectodea cupulifera — — — 472 702 84 217 5
Aporrectodea icterica 1 486 631 123 684 — 2 193 386 95 841 —
Aporrectodea longa — — — 516 596 52 225 —
Aporrectodea rosea 2106 (?) 17 017 — — — —
Aporrectodea sp. 107 789 — 32 — — 9
Lumbricus castaneus — — — (?) ®) 4
Lumbricus friendi — — 7 — — —
Lumbricus terrestris — — — 449 025 77 425 116
Octolasion cyaneum 472 285 29 482 12 — — —
Octolasion tyrtaeum 306 476 14 430 — — — —

homogenization of several kilograms of soil as a
starting material (Taberlet et al. in press) would be
much more efficient for tracking earthworm communi-
ties. Finally, to cope with highly diluted template DNA,
it would be a valuable exercise to carry out several
amplifications per extraction (multiple-tube approach;

Navidi et al. 1992; Taberlet et al. 1996).

At the moment, a limiting factor for implementing
large-scale experiments using our method is the only
partial knowledge of earthworm molecular diversity,
leading to incomplete mitochondrial 16S reference data-
bases. Thanks to the rapid development of sequencing
technology and to the DNA repository maintained by

the Consortium for the Barcode of Life (http://
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Fig. 3 Rarefaction curves of the num-

ber of earthworm

species detected

according to the number of soil samples
collected per plot. For ‘Chartreuse’ loca-
tion, circles correspond to ‘amont’ and
triangles to ‘aval’; for ‘Grenoble’ loca-
tion, circles correspond to ‘Vercors” and
triangles to ‘Isere’ (see Table 4).
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www.barcodeoflife.org), we can assume that the avail-
able data on earthworm molecular diversity will
increase in the near future, not only for the standard-
ized COI barcode (Hebert et al. 2003), but also for the
two short 165 fragments.

Traditional approaches for earthworm inventories are
currently restricted by time-consuming fieldwork
and the difficulties of morphological identification, espe-
cially of juveniles. A DNA-based approach circumvents
this problem (Richard et al. 2010) and allows the
identification of DNA remains from all development
stages, from eggs to adults. Better reference databases,
together with the possibility of assessing earthworm
communities from hundreds or even thousands of local-
ities using extracellular soil DNA, will undoubtedly
stimulate further ecological research on these organisms.

Finally, looking beyond earthworms, our study also
illustrates the potential of environmental DNA to assess
the whole spectrum of biodiversity. The crucial advan-
tage of our ‘DNA metabarcoding’ approach is that dif-
ferent taxonomic groups, including archaea, bacterial,
fungi, plants and animals, can be analysed using the
same DNA extracts. The potential of environmental
DNA is impressive as, in addition to soil-dwelling
organisms, the technique can even detect birds and
mammals living above the soil (Andersen et al. 2012).
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