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Metabarcoding has proven to be a powerful tool to assess ecological patterns and
diversity from different habitats. Terrestrial invertebrate diversity is frequently based on
bulk samples, which require comparatively high sampling effort. With environmental
DNA (eDNA) metabarcoding, field sampling effort can be reduced while increasing the
number of recovered organism groups. However, a proof of concept is missing for
several invertebrate groups, hampering the development of best-practice advice for
these groups. This study aims to provide recommendations on key aspects for the
processing of soil samples, from sampling effort to choice of DNA extraction method and
marker genes. This study uses eDNA metabarcoding as a tool for assessing invertebrate
biodiversity in soil samples, specifically comparing two DNA extraction methods (with
and without a lysis step) and two genes, 18S and COI markers. The results show that
the choice of marker and DNA extraction method (including a lysis step) significantly
affect species detection rates and concomitantly observed invertebrate community
composition. Combining methods, by using larger amounts of starting material and
including a lysis step resulted in an increase of invertebrate species numbers. Together,
these methods improved the detection of species with known lower population densities
and allowed the assessment of temporary mesofauna. Furthermore, the choice of
marker significantly influenced the diversity levels found. The 18S marker allowed the
detection of a higher number of annelid and nematode OTUs, while the COI marker
was more suitable for detecting changes in arthropod community structure, especially
at the species level. This study makes significant advances to the field of invertebrate
biodiversity assessment, particularly using metabarcoding tools by addressing several
methodological considerations that are key for accurate ecological appraisals.

Keywords: eDNA extraction, extracellular DNA, intracellular DNA, invertebrates, metabarcoding, metazoa, soil
biodiversity, eDNA metabarcoding

INTRODUCTION

Despite the indisputable fact that the fertility of soil is directly linked to existing fauna and flora
(Delgado-Baquerizo et al., 2017) little is known about soil biodiversity. To prevent the ongoing
loss of biodiversity leading to soil degradation processes, entailing annual costs of several billion
dollars (Kuhlman et al., 2010), it is of uttermost importance to develop timely and cost-efficient
assessment strategies.

Frontiers in Ecology and Evolution | www.frontiersin.org 1 May 2021 | Volume 9 | Article 630560

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.630560
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.630560
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.630560&domain=pdf&date_stamp=2021-05-28
https://www.frontiersin.org/articles/10.3389/fevo.2021.630560/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-630560 May 23, 2021 Time: 12:49 # 2

Kirse et al. Extraction Method Effect on Soil eDNA-Metabarcoding

In particular, environmental DNA (eDNA) metabarcoding
appears to be a promising tool for filling-in the knowledge gap
on soil biodiversity (Oliverio et al., 2018). As it is unnecessary
to collect species to detect their presence, eDNA metabarcoding
is a non-invasive approach, which limits the sampling effort to
a minimum while retrieving unparalleled diversity information
from any habitat with reduced costs (Deiner et al., 2017).
Several studies have already shown the applicability of eDNA
metabarcoding for the assessment of soil invertebrate diversity
(Bienert et al., 2012; Zinger et al., 2019) even to study past
ecosystems (Epp et al., 2012). Few methodological studies exist
to date for soil arthropod detection despite in particular soil
arthropods can be used as key indicators of faunal community
structure (Neher et al., 2012).

The choice of method and protocol often has a direct influence
on the assessed community composition (Alberdi et al., 2018;
Dopheide et al., 2019). For microbial community studies it has
been observed that DNA extraction methods (Delmont et al.,
2011) and sample size (Kang and Mills, 2006) have an effect
on the community composition found. Invertebrates, which
have heterogenous morphologies, sizes and abundances (Taberlet
et al., 2012; Dopheide et al., 2019), will likely require tailored
DNA extraction steps as most available commercial kits are
optimized for microbial diversity assessment (Zinger et al., 2016).
Furthermore, many invertebrates undergo several life stages
incorporating inactive phases (e.g., pupal or dormant stage)
which might only be detected through a lysis step (Pietramellara
et al., 2009). The amount of source material (e.g., grams of
soil) used for DNA extraction and the inclusion of biological
replicates can be crucial for maximum detection of soil arthropod
species richness (Porter et al., 2019) but also marker choice
can significantly influence the composition of the recovered
community (Giebner et al., 2020). For the phylogenetically
diverse soil invertebrates, it remains unclear which marker is
most suitable or if a one-fits all marker exists. Previously, the
16S and 18S markers have been used to assess soil arthropod
communities (Epp et al., 2012; Yang et al., 2014), but more
recent studies also utilized the CO1 marker (Oliverio et al., 2018;
Porter et al., 2019).

This study aims to provide recommendations on key aspects
for processing soil samples, from sampling effort to choice of
DNA extraction methods and marker genes. Here two well-
known soil DNA extraction methods (with and without a lysis
step) are compared to evaluate their suitability for invertebrate
mesofauna community diversity assessment from forest soil
samples. To our knowledge this is the first study investigating
the direct effect of the application of a lysis step on soil eDNA
metabarcoding targeting invertebrate taxa.

MATERIALS AND METHODS

Sample Collection and Processing
To monitor changes in soil biodiversity over a period of
12 months, we sampled each season between summer 2016 and
spring 2017 (Supplementary Table 2). In summer 2016, sample
collection was conducted at 12 sites located in the Eifel National

Park, in south-western Germany (Supplementary Figure 1 and
Supplementary Table 1). In autumn, winter and spring, sample
collection was conducted at 14 sites comprising the 12 sampling
sites being sampled in summer (Supplementary Table 2 and
Supplementary Figure 2). At each sampling site, three soil
samples were collected approximately 4–5 m apart from each
other from the top 10 cm of soil, using a hand-held metal corer of
4.4 cm diameter× 10 cm length. A total of 162 soil samples were
collected and kept in individual 250 ml containers which were
transported to the laboratory shortly after sampling and stored at
−20◦C until further processing.

For this study, a forest conversion gradient from a Norway
spruce (Picea abies) monoculture to a european beech forest
(Fagus sylvatica) was sampled. The four forest types sampled
differed in tree species composition, degree of anthropogenic
influence and in the approximate ages of the trees. The pure
beech (120 years old) and pure spruce (Picea abies) (60 years old)
sampling sites were located in monoculture stands. At the young
beech sampling sites 60 year old spruce stands had only recently
been underplanted with young beeches which had not yet reached
3 m in size at the time of sampling. At the so-called old beech
sampling sites, 60 year old spruces were underplanted with
beeches several years ago. At the time of sampling the beeches
had already reached a height of more than 3 m and actions to
remove spruces from the forest had already been undertaken.

DNA Extraction
Soil samples were removed from the −20◦C chamber
approximately 12 h before DNA extraction and stored at + 4◦C
overnight. The next morning, each sample was thoroughly
homogenized by gently swirling the 250 ml container. Two
different DNA extraction methods were used, one using the silica
membrane based NucleoSpin Soil kit (Macherey-Nagel) (MN kit
herein) with a lysis step and the other using the phosphate buffer
protocol (PB herein) from Taberlet et al. (2012). For the first
method, 0.5 g of soil was used per sample to extract DNA from the
162 soil samples using the MN kit, following the manufacturer’s
protocol. The Taberlet et al. (2012) method consists of using
a saturated phosphate buffer to desorb DNA fragments from
sediment particles, whereby extracellular DNA is recovered using
also the NucleoSpin Soil kit (Macherey-Nagel) but skipping the
lysis step and following manufacturer’s instructions. Briefly,
in the PB method, DNA was extracted from ca. 100 g of soil
using a phosphate buffer-based solution (Na2HPO4; 0.12 M;
pH 8) following the Taberlet et al. (2012) protocol. For the
latter, soil samples were saturated in the phosphate buffer
solution and placed in an orbital shaker at 120 rpm for 15 min.
Subsequently, two 2 ml Eppendorf safe lock tubes were filled
with 1.7 ml of the resulting mixture and centrifuged for 10 min
at 10,000 g. Afterward, 400 µl of the resulting supernatant were
transferred to a new 2 ml collection tube to which 200 µl of SB
binding buffer of the NucleoSpin R© Soil kit (Macherey-Nagel)
was added. Supernatants from duplicate samples were loaded
onto NucleoSpin R© Soil Column and centrifuged at 10,000 g for
1 min. The remaining extraction steps followed the standard
manufacturer’s protocol from the NucleoSpin R© Soil kit starting
from step 8 (excluding the lysis step). All DNA extracts were
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eluted with 50 µl of SE Buffer. Ten microliters of the resulting
elution step were combined with 90 µl pure H2O (Sigma),
followed by DNA purification using the PowerClean R© Pro
DNA Clean-Up Kit (MO Bio Laboratories, Inc.) following the
manufacturer’s protocol. DNA extracts obtained with either of
the two methods were subsequently quantified using the Quantus
Fluorometer (Promega).

Choice of Primers and Library
Preparation
Amplicon library preparation was conducted following a
two-step PCR approach (Fonseca and Lallias, 2016). For
library preparation of soil samples, two primer pairs targeting
the COI and 18S markers respectively were used. A 380 bp
fragment of the V4 region of the nuclear 18S rRNA was
amplified using the following forward primer TAReuk454FWD1
(5′- ACACTCTTTCCCTACACGACGCTCTTCCGATCT
CCAGCASCYGCGGTAATTCC-3′) combined with the
reverse primer TAReukREV3r (5′-GTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCT ACTTTCGTTCTTGATYRA-
3′) (Stoeck et al., 2010). The mitochondrial COI primer
pair consisted of the forward primer mlCOIintF (5′-
ACACTCTTTCCCTACACGACGCTCTTCCGATCT GGWA
CWGGWTGAACWGTWTAYCCYCC-3′) and the reverse
primer dgHCO2198 (5′- GTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT TAAACTTCAGGGTGACCAAARAAYCA-3′)
(Leray et al., 2013), targeting a 313 bp region of the 658 bp long
barcoding COI gene.

Approximately 10 ng of template DNA was used for all PCR
reactions. For PCR1 the mastermix consisted of 7.5 µl Q5 Hot
Start High-Fidelity 2X Master Mix (New England BioLabs),
5 µl Sigma H2O, 0.5 µl of each primer (10 µM), 0.5 µl
Bovine Serum Albumin (Thermoscientific) and 1 µl template
DNA, making up a final volume of 15 µl. The first PCR
(PCR1) consisted in an initial denaturation for 2 min at 98◦C,
followed by 20 cycles with 40 s at 98◦C, 40 s at 45◦C, 30 s
at 72◦C (COI), or 20 cycles with 40 s at 98◦C, 40 s at 55◦C,
30 s at 72◦C (18S), and a final extension of 3 min at 72◦C.
PCR1 products were then purified using 4 µl HT ExoSAP-ITTM

(Applied Biosystems) per 10 µl of PCR1 product, following the
manufacturer’s protocol. For PCR2, the purified PCR1 products
were split into two PCR tubes. Each tube contained 12.5 µl Q5
Hot Start High-Fidelity 2X MasterMix (New England BioLabs),
3 µl Sigma H2O, 1.2 µl of forward index primer (10 µM)
(AATGATACGGCGACCACCGAGATCTACAC NNNNNNNN
ACACTCTTTCCCTACACGACGCTC) and 1.2 µl of reverse
index primer (10 µM) (CAAGCAGAAGACGGCATACGAGAT
NNNNNNNN GTGACTGGAGTTCAGACGTGTGCTC), and
8 µl purified PCR1 product. The PCR2 conditions consisted of
an initial denaturation of 2 min at 98◦C, followed by 20 cycles
with 40 s at 98◦C, 30 s at 55◦C, 30 s at 72◦C, and a final
extension of 3 min at 72◦C. PCR2 products were visualized by gel
electrophoresis and purified using the QIAquick Gel Extraction
Kit (Qiagen), according to manufacturer’s instructions. All
final purified amplicons (PCR2) were quantified using the
Quantus Fluorometer (Promega) and normalized to the same

concentration (3 ng/µl) before being pooled together to create
two amplicon libraries (18s and COI). The resulting purified
amplicon library pools were sequenced on two runs on the
Illumina Miseq (2 × 300 bp) sequencing platform at the Centre
for Genomic Research (CGR, Liverpool University).

Bioinformatics and Data Analysis
Initial quality check of raw sequences at CGR comprised
trimming of fastq sequences for the presence of Illumina adapter
sequences using Cutadapt version 1.2.1. Afterward, sequences
were trimmed using Sickle version 1.200 with a minimum
window quality score of 20. Only reads longer than 19 bp were
kept for further analysis.

The fastq sequences were checked for the presence of the
COI and 18S primers with Cutadapt version 1.18 (Martin, 2011)
using the following settings: maximum error rate (−e): 0.1,
minimum overlap (−O): 20, minimum sequence length (−m):
50. Sequences lacking either forward or reverse primers were
removed from the dataset. Subsequently, paired-end reads were
merged with vsearch version 2.7.0 (Rognes et al., 2016). Merged
sequences with a length of 360–400 bp for the 18S and 293–
333 bp for the COI dataset respectively were retained for further
analysis and filtered with a maxEE threshold of 1.0 using vsearch
(version 2.7.0) (Rognes et al., 2016). Afterward, fastq sequences
were demultiplexed using the script split_libraries_fastq.py with
a phred quality threshold of 19 implemented in QIIME1
(Caporaso et al., 2010). Dereplicating, size sorting, de novo
chimera detection and Operational Taxonomic Units (OTUs)
clustering at 97% cutoff was conducted with vsearch 2.7.0
(Rognes et al., 2016). An OTU table was built using the –
usearch_global function in vsearch 2.7.0 (Rognes et al., 2016)
and the python script “uc2otutab.py” written by Robert Edgar1.
Resulting OTU tables for both markers were further curated
using the LULU algorithm, known to decrease erroneous OTUs
(Frøslev et al., 2017). Curation started with an initial blasting of
OTU representative sequences against each other using blastn
(version 2.9.0) with “query coverage high-scoring sequence pair
percent” (-qcov_hsp_perc) set to 80 and minimum percent
identity (-perc_identity) set to 84 and a customized output
format defined by the –outfmt setting “6 qseqid sseqid pident.”
Subsequently, the resulting filtered OTU match list was uploaded
into R (version 3.5) (R Core Team, 2013), where the R-package
“lulu” (version 0.1.0) (Frøslev et al., 2017) was used to perform
post clustering curation using standard settings.

For taxonomy assignment, the COI dataset was blasted against
the BOLD database (downloaded on May 5th 2019) using
blastn 2.9.0 + (Altschul et al., 1990). As the BOLD database is
strongly limited in number of bacterial sequences and barcodes
of many eukaryotic species outside Metazoa, a second database
was downloaded on February 27th 2020 from GenBank using the
following search criteria: [COI(All Fields) OR COX1(All Fields)]
OR CO1(All Fields) AND [fungi(filter) OR protists(filter) OR
bacteria(filter) OR archaea(filter)]. All sequences not assigned to
Metazoa when blasted against the downloaded BOLD database
were compared to the above GenBank reference database. For

1https://drive5.com/python/uc2otutab_py.html
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taxonomy assignment of the 18S dataset all sequences were
blasted against a customized reference database downloaded on
February 27th 2020 from GenBank according to the following
criteria: [(18S) OR V4 AND animals(filter) OR fungi(filter) OR
plants(filter)]. Sequences without assignment were in a second
step blasted against the newly released SILVA132 release2. Raw
sequence data for this project are deposited in NCBI’s SRA
database under accession number PRJNA681091.

Statistical and Ecological Analysis
The resulting OTU tables (Supplementary Tables 3, 4) were
loaded into Excel and formatted for upload into R studio v3.5 (R
Core Team, 2013). For statistical analysis, several R packages were
used. For data visualization we used ggplot2 (Wickham, 2016)
and for data manipulation dplyr version 0.8.3 (Wickham et al.,
2015). To further visualize shared and unique OTU numbers
per marker, phylum and season between the different methods
we used VennDiagram version 1.6.20 (Chen and Boutros, 2011).

2www.arb-silva.de/silva-license-information

Pairwise dissimilarities between the two methods on OTU
presence-absence matrices based on Jaccard similarity index were
performed for incidence data of detected OTUs with a 90%
BlastID to Eukaryota, using the R-package betapart version 1.5.1
(Baselga and Orme, 2012). Sample completeness curves and
sample-size-based R/E curve with extrapolations of Hill numbers
for incidence data based on a combined dataset of both markers,
encompassing all OTUs assigned to Arthropoda with a blastID
of at least 99% (removed duplicate assignments) were prepared
using the R-package iNEXT (Hsieh et al., 2016) at default settings
(40 knots, 95% confidence intervals generated by the bootstrap
procedure (50 bootstraps).

To visualize and analyze community dissimilarities between
methods, PCoAs and statistical tests based on Jaccard similarity
index for incidence data of detected eukaryote OTUs with a 90%
BlastID were performed using betapart v1.5.1. The betadisper
test was performed to test for homogeneity between samples
followed by PERMANOVA (adonis) to further test for differences
in community composition depending on the DNA extraction
method and marker used.

FIGURE 1 | Number of OTUs per gene marker used (18S and COI) assigned to Bacteria, Metazoa and remaining Eukaryotes consisting of Fungi, Chromista,
Protozoa, Plantae (blastID ≥97%). The number of unassigned OTUs is indicated in light gray (A). Number of OTUs assigned to Metazoa on phylum level
(blastID ≥97%) (B).
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To identify the insect species primarily contributing
to community dissimilarities between extraction methods
depending on season a SIMPER analysis (Gibert and Escarguel,
2019) was performed in R. The SIMPER analysis was done using
COI OTUs assigned to Insecta at the species level with a blastID
of at least 99%.

RESULTS

Amplification of the COI marker resulted in the detection of
25,036,251 high quality-filtered reads, which were subsequently
clustered into 31,781 OTUs. When amplifying the V4 region of
the 18S marker a total of 22,036,784 high quality filtered reads
were obtained, which were clustered into 33953 OTUs. After Lulu
curation, the total number of OTUs was 23,004 OTUs for the COI
dataset (72.4%) and 15,650 OTUs for the 18S dataset (46%).

The complete COI dataset showed a lower assignment rate
compared to the 18S dataset (Figure 1). Based on a blast sequence
identity cutoff (blastID) of at least 97%, 13.48% of all retrieved
18S OTUs matched an entry in the reference databases, whereas
for the COI it was 10.08% (Figure 1A). At the kingdom level,
31.48% of the taxonomically identified 18S OTUs (664 OTUs)
and 25.72% of the COI OTUs (635 OTUs) were assigned to
Metazoa, respectively (Figure 1A). For both marker datasets it
was found that with 68.42% (1443 OTUs) and 74.20% (1832
OTUs) the lion share of assigned OTUs accounted for eukaryotes
outside of Metazoa. Additionally, two OTUs of each marker
dataset were assigned to Bacteria. Within the Metazoa, the 18S
marker identified ten phyla: Annelida, Arthropoda, Chordata,
Cnidaria, Gastrotricha, Mollusca, Nematoda, Platyhelminthes,
Rotifera, Tardigrada (Figure 1B), while the COI marker,
identified six phyla (Annelida, Arthropoda, Chordata, Mollusca,
Nematoda, Tardigrada). Collapsing all OTUs with the same
taxonomic annotation with a blastID of at least 99% a total
of 12 annelid species were identified. Out of them, eight were
exclusively detected with the 18S rRNA gene, while the remaining
four species were only found with the mitochondrial marker
(Figure 2A). Out of the 208 detected arthropod species, 146
(70%) were exclusively found by the COI marker, whereas the 18S
retrieved additional 57 species. The two marker datasets shared
five arthropod species (Figure 2B). For the Insecta, 96 species
were identified using the COI with a BlastID of at least 99%, and
six species using the 18S marker (Figure 2C). No insect species
was detected with both markers.

The number of OTUs did not vary substantially between
extraction methods but more so between markers within each
dataset representing either of the two extraction methods
(Figure 3). For the Machery Nagel kit (MN kit) a total of 18,439
COI OTUs and 13,164 18S OTUs were found, while a total of
17,329 COI OTUs and 13,034 18S OTUs were identified with the
Phosphate buffer (PB) (Figure 3). Followed by Metazoa, several
OTUs were assigned to other eukaryotic taxa (for simplification
herein referred to as “other Eukaryota,” mainly dominated by
Fungi and protists). The 18S marker retrieved ca. seven times
more OTUs assigned to “other eukaryotes” than COI, with a
slightly higher number of 18S OTU numbers when using the MN

FIGURE 2 | Number of OTUs with unique species assignment (blastID ≥99%)
recovered with either or both markers for the main soil metazoan phyla
(A) Annelida, (B) Arthropoda, (C) Insecta.

kit (+1,173 OTUs) than the PB (+1,093 OTUs). For the Metazoa,
the amplification of the 18S marker led to a slightly higher OTU
yield when the PB was used for DNA extraction. The opposite was
the case for the COI dataset, where an increase in the number of
OTUs was associated with the use of the MN kit (Figure 3).

Accumulation (Figure 4A) and sampling effort curves
(Figure 4B) from a total of 162 soil samples did not reach a
plateau. An extrapolation indicated that at least 400 samples must
be processed with each of the two extraction methods to cover
total existing diversity in our sampled environments (Figure 4A).

A Principal Coordinate Analysis (PCoAs) indicated major
differences in the eukaryotic communities between the different
extraction methods, although there was more overlap between
the methods in the COI dataset. These differences between

Frontiers in Ecology and Evolution | www.frontiersin.org 5 May 2021 | Volume 9 | Article 630560

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-630560 May 23, 2021 Time: 12:49 # 6

Kirse et al. Extraction Method Effect on Soil eDNA-Metabarcoding

FIGURE 3 | Total number of OTUs and number of OTUs assigned (blastID ≥97%) to Metazoa and other eukaryotes (consisting of Fungi, Chromista, Protozoa,
Plantae) for the two extraction methods and markers used (18S and COI).

DNA extraction methods (beta diversity) were subsequently
statistically confirmed (PERMANOVA, COI: F323 = 11.26,
p< 0.001; 18S: F323 = 43.92, p< 0.001) (Figures 5A,B). However,
for the COI as well as for the 18S dataset, a betadisper-test
indicated a very heterogeneous dispersion within samples of each
extraction and marker group (COI: F1 = 31.12, p = 0.001; 18S:
F1 = 3.65, p < 0.05), highlighting the importance of replicates
(Figures 5C,D).

When using the 18S marker, both extraction methods shared
8 and 47 species of annelids and arthropods, respectively. No
arthropod and annelid species (blastID ≥99%) were exclusively
identified with the MN kit, while one annelid and 10 arthropod
species were unique to the PB method (Figure 6). When using
the COI marker no differences were observed in the number of
annelid and arthropod species between the two methods. The
same four annelid species were identified with both extraction
methods (Figure 6). From a total of 107 arthropod species, 68
were uncovered by both extraction methods and 39 species were
unique to each method (Figure 6).

Based on the complete dataset, seasonal differences were
observed between the two DNA extraction methods. The summer
season retrieved the highest number of arthropod species when
using the MN kit (36) as opposed to the PB (23). The MN kit
also showed a peak in Diptera diversity during summer (20) as
opposed to the autumn (6), winter (3), and spring (4) seasons
(Figure 7). The number of insect species identified during
autumn was 29 for the MN kit and 31 for the PB, respectively,
with 19 species uncovered by both methods. For winter and
spring seasons the PB uncovered more insect species, with 36
species in each season, while using the MN kit 26 and 27 species

were found, respectively (Figure 7). While the MN kit resulted in
the detection of a higher number of dipteran species in summer,
in each season more coleopteran species were identified by the
PB (summer: + 2; autumn: + 5; winter: + 7; spring: + 8).
When considering data from all seasons and forest types 17
coleopteran species were exclusively detected with the phosphate
buffer, while the MN kit exclusively revealed the presence of five
coleopteran species. For the dipterans, extraction with the MN
kit resulted in the exclusive detection of 18 species but the same
method left seven species undetected which were found by the
PB. Depending on the dipteran family, differences in relative
species count were observed between the two extraction methods.
Based on the COI marker more species for the families Sciaridae
(+2) Mycetophilidae (+3), Limoniidae (+3), and Phoridae (+4)
were retrieved with the MN kit (Supplementary Figure 4).

SIMPER analysis revealed that Athous subfuscus (10.64%),
Ctenosciara lutea (6.42%), Corynoptera globiformis (4.30%),
Cratyna perplexa (4.00%), and Strophosoma melanogrammum
(3.82%) had a key influence on the assessed community
differences between extraction methods in the summer season.
In autumn, next to C. globiformis (7.10%) and Athous subfuscus
(9.75%) also Tipula limbata (10.23%), Othius myrmecophilus
(8.52%), and Barypeithes araneiformis (5.97%) were significantly
contributing to the observed differences. In winter, again
A. subfuscus (12.19%), C. globiformis (7.75%), O. myrmecophilus
(6.36%), and T. limbata (6.01%) were under the five species
responsible for observed differences. Additionally, a high
contribution (%) was also observed for Corynoptera minima
(6.83%). In winter season, A. subfuscus (12.73%), T. limbata
(8.64%), C. globiformis, S. melanogrammum, and Berypeithes
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FIGURE 4 | Sample completeness curves (solid line) with extrapolation (dashed line) showing number of detected arthropod species (blastID ≥99%) with both
markers per number of soil samples taken for each extraction method (A). Additionally, sample coverage curves were calculated based on sample coverage per
number of soil samples (B).

pellucidus were the five species identified as most relevant for
observed differences between extraction methods (Table 1).

DISCUSSION

This study demonstrates that extraction methods can greatly
influence the levels of diversity and species uncovered in a
specific location and this is even more significant depending
on the targeted taxa and gene used. Many factors can influence
eDNA yields from soil samples, namely organic content and
humic substances, choice of buffer and purification steps utilized
(Frostegård et al., 1999), and thereby the completeness of species
lists retrieved. Dopheide et al. (2019) found a correlation between
the amount of source material and the number of species

retrieved, a finding which is partly contradicting the results of this
study. Here we found that the amount of starting material did
not significantly influence the number of species retrieved, but
more so the taxonomic composition and representativeness of the
sampled area. However, it cannot be excluded that the detection
of several species exclusively found by the phosphate buffer
were also associated with the larger amount of source material
used (Taberlet et al., 2012; Dopheide et al., 2019). However,
we argue that the taxonomic differences found between the
DNA extraction methods are partly inherent to the specificities
of the protocols. Up to 44% of species identified were unique
to each method showing that half of the species would not
have been identified if using one extraction method only,
disproving a positive effect of sample size on completeness of
community composition.
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FIGURE 5 | Eukaryotic community composition using Principal Coordinate Analysis (PCoA) based on a “jaccard” dissimilarity index for the (A) COI and (B) 18S
dataset for incidence data of detected OTUs with a 90% BlastID to Eukaryota. Group dispersion plots indicate homogeneity of community composition within all soil
samples using the same DNA extraction method for the (C) COI dataset and (D) 18S dataset. Light brown indicates community composition assessed using the
phosphate buffer; Dark brown indicates community composition assessed with the Macherey Nagel kit.

Both markers recovered a high number of OTUs assigned to
groups outside the Metazoa, which supports the understanding
of significant non-targeted amplification (Yu et al., 2012; Yang
et al., 2014; Giebner et al., 2020). The COI barcode is especially
limited when working with eDNA due to the vast diversity of
the DNA mixture (Deagle et al., 2014). This marker is known
to fail to amplify some groups of arthropods (Marquina et al.,
2019a), especially in eDNA samples where primers are rarely
universal and have different amplification efficiencies. In this
study a high proportion of the COI OTUs found could not be
taxonomically assigned, probably because the COI marker is
less well-used outside Metazoa (Kress and Ericksoneds, 2012)
leading to incomplete databases. Additionally, the use of lower
blast thresholds (sequence% ID ≤97%) and the presence of a
consensus blast could have allowed more assignments and greater
confidence in the assigned taxonomies, but such parameters
were not tested in this study. While the phosphate buffer
exclusively allowed the extraction of extracellular DNA, the
Macherey Nagel kit included a lysis step, additionally enabling
the extraction of intracellular DNA. As the highest amount
of intracellular DNA in soil usually originates from microbial
organisms (Taberlet et al., 2012) the application of a lysis step
is expected to lead to an accumulation of microbial DNA in the
DNA extract. Nonetheless, we observed that lysis also allowed
the detection of specific invertebrate groups, namely temporary

mesofauna (e.g., transient life stages). In the summer, extraction
with the Macherey Nagel kit indicated a peak in dipteran
diversity, in particular for the families Sciaridae, Mycetophilidiae,
Liimonidae, and Phoridae (Supplementary Figure 5) which are
known to have larval stages developing in the soils (Barnard,
2011; Disney, 2012; Jakovlev, 2012). From the ten species
identified as primarily contributing to the observed community
dissimilarities between extraction methods in summer three were
members of the dipteran family Sciaridae. This highlights the
direct effect of choice of extraction method on the composition
of the dipteran diversity found.

As the proportion with which a species contributes to the DNA
mixture directly influences its detection probability (Elbrecht
et al., 2017, 2019), lysis can facilitate the detection of transient
species, but for the costs of a lower detection probability of
DNA traces. Although little is known about natural eDNA
release processes in soil and how they might vary between
species it can be expected that detection rate is affected by
population density, whereby highly abundant species together
with high primer affinities will likely be PCR amplified more
efficiently, with concomitantly higher amplification success and
more reads (Hajibabaei et al., 2011; Brandon-Mong et al., 2015).
Former studies indicated that annelids can reach abundances
of up to 134,000 specimens per m2 (Coleman et al., 2004),
with fecal pellets up to 29% of the volume of the higher soil
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FIGURE 6 | Venn diagram showing number of shared and unique Annelida
and Arthropoda species (blastID ≥99%) per extraction method for the (A) 18S
and (B) COI marker.

A- horizon (Davidson et al., 2002). Here, with only 0.5 g of
soil using the Macherey Nagel kit, we captured exceptionally
high levels of oligochaete Enchytraeid DNA, but both extraction
methods captured the same species, probably due to their
high abundance and biomass in soils. Although the number of
dipteran species exclusively recovered with the Macherey-Nagel
kit exceeded the number detected with the phosphate buffer,
a high number of small sized dipteran Sciaridae species was
also recovered with both extraction methods. In dipterans up to
14,500 larvae can accumulate on very narrow areas (Altmüller,
1977), which can result in an accumulation of DNA traces
detectable with both methods.

Soils are heterogenous and stratified, either horizontally or
vertically thus sampling larger quantities of soil will allow a
better representativeness and homogeneity between replicates.
Consequently, size and replication will be key when targeting
larger organisms, such as meso- and macrofauna. Here, we
observed that soil communities were indeed taxonomically more
similar between sample replicates when using the phosphate
buffer (Supplementary Figures 3A,B). Such findings corroborate
the idea that using larger amounts of soil for DNA extraction will
increase the chances to assess a more complete picture of the
existing invertebrate diversity. Similarly, the rarefaction curves
evidenced the need to increase the sampling effort and combine
different methods whenever possible, since a total of 162 soil
samples did not reach a plateau and at least 400 samples would
be needed from each extraction method to cover the existing
diversity in our sampled environments. By doing so, we would

have been able to assess the arthropod diversity at a given area,
as shown by the leveled sampling and species efforts curves. The
relatively high percentage of species exclusively recovered from
one sampling site using either extraction method substantiates
the fact that even at small scales there is a large variation in
soil community composition. A more extensive sampling and
the combination of different extraction methods can therefore
lead to higher local-diversity levels (alpha-diversity) which are
commonly found in soils (Nielsen et al., 2010).

Both COI and 18S markers showed non-targeted
amplification, but for Metazoa, the 18S gene identified three
times more phyla than the COI from the forest soil eDNA
samples. This is mainly due to the highly conserved priming
sites in 18S, that allow amplification across broader taxonomic
groups (Hebert et al., 2003; Zhang et al., 2018). Due to COI
marker having a higher taxonomic resolution for Metazoa and
especially Arthropoda, more OTUs had an assignment to these
phyla relative to the 18S marker. Whereas, the lower number
of 18S OTUs assigned to Metazoa were likely because some
sequences originating from different species/genus are merged
into the same OTU due to the limited species-level resolution
in the 18S marker (Potter et al., 2017). However, it must be
noted that many COI OTUs did not get a taxonomic assignment
mainly because available COI databases can still be fragmentary
for some taxonomic groups (Clarke et al., 2017). When focusing
on the two main metazoan phyla Annelida and Arthropoda, we
observed that it was mainly the marker used that influenced the
number OTUs retrieved per phyla. While with the 18S marker
more arthropod and annelid species (blastID ≥99%) were
detected when the extraction was conducted with the phosphate
buffer. Conversely, when using the COI marker the extraction
method did not influence the number of arthropod and annelid
species identified. As previously mentioned, the 18S marker at a
99% nucleotide divergence threshold is prone to underestimate
the real diversity of several metazoans at lower taxonomic levels,
namely the Arthropoda (Tang et al., 2012; Drummond et al.,
2015). While the primer binding sites of the 18S marker are
more conserved (Clarke et al., 2017), its species-level resolution
is strongly hampered by the lack of variability within the
discriminative region (Tang et al., 2012; Yang et al., 2013).
However, due to its low variability in primer sites, amplification
success of the 18S marker might be less influenced by the
complexity and composition of the DNA mixture, as opposed to
COI, since primer affinities are substantially more similar for the
majority of taxa.

So far, no primer or single gene region has been identified
that will amplify all taxa in eDNA samples and assessments of
complete biodiversity are nearly impossible. The combination of
several genetic markers can allow better estimates of biodiversity
in a given habitat (Drummond et al., 2015; Zhang et al., 2018;
Marquina et al., 2019a,b), especially when looking at different
phyla or samples with high taxonomic diversity. For example the
COI marker is not suitable to identify nematodes and the 18S
marker alone would not be suitable to target specific arthropods,
due to the specificities of the markers (impairing higher taxon
delineation) and available databases. In fact, a recent study
found that the combination of at least two markers can improve
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FIGURE 7 | Number of shared and unique arthropod species (blastID ≥99%) found between extraction methods for each season using both markers. The number
of species per arthropod class and insect order recovered with either one or both of the two extraction methods is shown. Dark brown: OTUs from Macherey Nagel
kit; Light brown: OTUs from phosphate buffer; White box: shared OTUs between Macherey Nagel kit and phosphate buffer.

taxonomic resolution by up to 10% (Marquina et al., 2019a)
and can significantly increase the number of target invertebrate
taxa. Notwithstanding some studies targeting arthropods using

TABLE 1 | SIMPER analysis showing the contribution (%) of Insect OTUs assigned
on species level with a blastID of at least 99% to the differences between
extraction methods depending on season.

Summer Autumn Winter Spring

Species % Rank % Rank % Rank % Rank

Athous subfuscus 10.64 1 9.75 2 12.19 1 12.73 1

Ctenosciara lutea 6.42 2 3.34 8 5.08 6 3.97 8

Corynoptera globiformis 4.30 3 7.10 4 7.75 2 6.10 4

Cratyna perplexa 4.00 4 − − −

Strophosoma
melanogrammum

3.82 5 4.98 6 5.06 7 5.32 5

Tipula limbata 3.78 6 10.23 1 6.01 5 8.64 2

Tipula scripta 3.13 8 0.85 25 − −

Othius myrmecophilus 2.83 9 8.52 3 6.36 4 4.24 7

Barypeithes araneiformis 2.71 10 5.97 5 3.23 10 0.97 20

Corynoptera minima 1.90 17 3.05 10 6.83 3 3.69 9

Barypeithes pellucidus 0.43 51 1.88 13 4.12 8 6.47 3

The rank highlights the relative contribution of the corresponding species within the
indicated season.

multiple COI primers suggest that when targeting taxonomic
groups with limited diversity the use of multiple primer sets could
represent unnecessary costs with no substantial improvement
in taxon detection (Elbrecht et al., 2019), allowing maximum
richness but not affecting beta diversity (Hajibabaei et al., 2019).
Despite the fact that the COI barcode covers up to 95% of
several groups of organisms (Hajibabaei et al., 2007), it is not
an all-purpose answer as its taxonomic resolution and coverage
is limited for many invertebrate taxa (Kvist, 2014; Creer et al.,
2016). Due to the absence of a COI barcoding gap for earthworms
(Bienert et al., 2012; Kvist, 2014) and the low taxonomic
resolution of the 18S marker (Tang et al., 2012), none of the 12
annelid species identified were simultaneously retrieved by both
markers. This demonstrates how complementary nuclear and
mitochondrial markers can be (Drummond et al., 2015; Giebner
et al., 2020) and how incorporating these strategies can impact
further biodiversity and ecological assessment on a given habitat.

The results presented here highlight that prior knowledge
about the target group and an understanding of the
methodological trade-offs is required to allow for decisions
that can significantly improve taxon detection. Based on
our results, we suggest the following recommendations for
invertebrate biodiversity assessment from forest soil samples:
(1) Choice of marker should be carefully considered based on
target groups (e.g., CO1 for arthropods, 18S for nematodes,
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platyhelminthes, rotifers, and tardigrades); (2) The use of
a phosphate buffer is suitable for the detection of eDNA
traces from macro invertebrates which actively interact with
their habitat; (3) The use of a lysis based extraction method
is more suitable for the detection of micro-invertebrates
as well as other life stages of macro invertebrates such as
eggs and larvae; (4) Sampling effort can be maximized by
combining several DNA extraction methods, but this will
add to cost (5) the use of a multi-marker approach (markers
or primer pairs, depending on the study objectives) will
improve taxon recovery in environmental samples with
high taxonomic diversity and concomitantly better reflect
biodiversity levels, but this will add to cost; (7) Sampling effort
to cover mesofaunal diversity in the forest ecosystem under
study should be high (ca. 500 forest soil samples using both
extraction methods).

This study adds recommendations on key aspects for
processing soil samples, from sampling effort to the importance
of the DNA extraction method chosen and the use of
a multiplex marker approach, which will allow a better
assessment of diversity levels in one of the most species-
rich habitats, the soils. We show that eDNA is an effective
tool that allows diversity assessments of soil invertebrate
communities, but its efficacy relies (but not only) on a
combined effect of the method used, the development of specific
primer pairs or multiplex approach and the completeness of
public databases.
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Supplementary Figure 1 | Location of the sampling sites. The area highlighted in
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Supplementary Figure 2 | Number of collected soil samples per forest type and
season. In summer three sampling sites per forest type were sampled. At each
sampling site three replicates were taken. In the remaining four seasons triplicates
were taken at 14 sampling sites. While three sampling sites were located at the
pure beech and young beech sites, respectively, (9 samples per forest type and
season), at the pure spruce and old beech forests triplicates were taken at four
sampling sites (12 samples were forest type and season). In total 162
samples were collected.

Supplementary Figure 3 | (A) Number of unique and shared species between
sampling sites (cardinals) depending on forest type (columns) and season (rows)
using the Macherey-Nagel kit. The data shown here comprises all arthropod
species detected with either one or both of the two used markers (18S and COI).
Only species detected with a BlastID of at least 99% to the reference databases
are considered. (B) Number of unique and shared species between sampling sites
(cardinals) depending on forest type (columns) and season (rows) based on the
extraction with the phosphate buffer. The data shown here comprises all
arthropod species detected with either one or both of the two used markers (18S
and COI). Only species detected with a blastID of at least 99% to the reference
databases are considered.

Supplementary Figure 4 | Number of detected dipteran species (blastID ≥ 99%)
per family depending on extraction method.

Supplementary Figure 5 | Number of detected dipteran species (blastID 99%)
per family in summer season depending on extraction method.

Supplementary Table 1 | Geographical location and ecological characteristics of
the 14 sampling sites. For each sampling site, the coordinates (altitude N and
latitude E) and the associated forest type are specified.

Supplementary Table 2 | Time of sampling. For each sampling period the
season, associated time of the year, number of samples taken and sampling dates
(d,m,y) are specified.

Supplementary Table 3 | Presence/absence OTU Table for the COI marker. The
table contains information on OTU occurrence at each sampling site. Each column
(2–324) represents one sample. The name of each sample (XXYYrZSX) indicates
extraction method (XX), sampling site (YY), replicate number (rZ) and collection
season (SX). Taxonomic assignment (Blast ID%) for assigned OTUs is indicated.

Supplementary Table 4 | Presence/absence OTU Table for the COI marker. The
table contains information on OTU occurrence at each sampling site. Each column
(2–324) represents one sample. The name of each sample (XXYYrZSX) indicates
extraction method (XX), sampling site (YY), replicate number (rZ) and collection
season (SX). Taxonomic assignment (Blast ID%) for assigned OTUs is indicated.

Supplementary Table 5 | presence/absence list of OTUs assigned at species
level (blastID ≥ 90%) with either of the two extraction methods and marker. The
table contains information on species occurrence at each sampling site. Each
column (2–324) represents one sample. The name of each sample (XXYYrZSX)
indicates extraction method (XX), sampling site (YY), replicate number (rZ), and
collection season (SX).
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