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Chapter 1

Metabarcoding Approaches for Soil Eukaryotes, Protists,
and Microfauna

Guillaume Lentendu, Enrique Lara, and Stefan Geisen

Abstract

There have been major developments in the molecular characterization of soil protist and micrometazoan
diversity, leading to a better understanding of these minute soil eukaryotes. Like in all newly developing
research fields, several approaches are currently used in parallel to study these organisms. Here, we
synthesize these various approaches and propose a best practice manual that should help researchers to
efficiently target soil eukaryotic diversity as a whole. We cover the whole working pipeline, ranging from
sampling to nucleic acids extraction to bioinformatic processing and sequence identification. Synchronous
approaches to molecularly survey microbial-sized eukaryotes and other soil biodiversity groups are needed
in order to provide a cumulative knowledge of soil biodiversity, as here shown for the soil eukaryome. This
will be crucial in understanding the important ecosystem functions provided by soil biodiversity.

Key words Metabarcoding, eDNA, Soil, Protists, Nematodes, Microfauna, Arthropodes,
Bioinformatics, ASV

1 Introduction

Soils are the most diverse systems on the planet, and this diversity is
predominantly microbial. Estimated species numbers of these
microbial bacteria, archaea, fungi, and protists are in the tens of
millions [1, 2]. Soil microbes drive major ecosystem functions, such
as controlling the cycling of carbon and other elements through
anabolic and catabolic activities. Plants also would hardly grow
without their mutualistic microbes and those that facilitate plant
nutrient uptake. While we have gained major insights on species
diversity and biogeography of bacteria and fungi [3–6], this knowl-
edge is still limited for other microbial eukaryotes. This bias has
often been attributed to methodological constraints that have lim-
ited the possibilities to reliably study nonfungal soil eukaryotes (i.e.,
protists, nematodes, and microarthropods), the so-called soil
eukaryome. With methodological issues increasingly being solved,
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we have obtained new information on this eukaryome. For exam-
ple, we uncovered the unexpected richness of species and opera-
tional taxonomic unit (OTU) of soil protists. This includes studies
revealing the presence of millions of protist species in tropical
regions, including a previously unknown diversity of animal para-
sites [7] and studies that showed that the global distribution of soil
protists [8–10]. In addition, these experimental approaches
revealed that protists are the most responsive microbiome commu-
nity to anthropogenic changes [11] or are predictors of plant health
[12, 13]. These latter examples emphasized the need to include
protists in soil microbiome analyses. Here, we describe easy-to-use
approaches to survey protists for the nonexperts.
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Protists have long been ignored in soil microbiome studies due
to their paraphyletic diversity [14]. This feature precluded the
design of a targeted PCR approach to survey environmental protist
diversity only. In-depth description of the entire protistan commu-
nities was therefore not possible by using sequencing approaches
based on cloning and Sanger technology due to the cosequencing
of fungi. Protistan taxon-specific approaches were often used at that
time (as also highlighted in the previous version of this chapter
[15]). Now, however, most high-throughput studies commonly
use primer pairs that target the whole domain Eukarya—and there-
fore the entire protistan diversity—as broadly as possible
[16, 17]. This was allowed by the increase in sequencing depth by
orders of magnitude in the last 15 years. We propose here this
approach in order to uncover the broadest possible range of soil
eukaryotes.

However, soil biodiversity is not only represented by unicellular
organisms. Many animal species inhabit soils, with nematodes
being the most abundant and diverse group. The field of soil
nematology has developed over the last century, with recent studies
showing the immense abundance and deterministic community-
level global biogeography of these nematodes [18, 19]. Similar to
protists, nematodes include many functional groups including bac-
terivores, fungivores, omnivores, predators, and, most notoriously,
plant feeders. The latter have been of major interest as damage
caused by these root-penetrating organisms is estimated in the
billion euros for the crop and vegetable productions globally. Due
to this functional diversity and well-established morphology-based
methods, nematodes have gained considerable interest in basic and
applied researches. Yet, deep taxonomic insights into nematode
communities require profound expertise and time and therefore
are expensive [20]. High-throughput sequencing approaches have
thus long been proposed [21, 22] and are now gaining momentum
[20, 23]. The same principles and constraints hold for soil micro-
arthropods which are still even more studied based on morpholog-
ical features, but molecular tools are emerging. Metabarcoding of
terrestrial microarthropods has been validated against mixture of



morphologically identified organisms [24, 25] to then be more
widely applied to soil environmental DNA for biodiversity surveys
[2, 26, 27]. We here use nematodes and microarthropods as exam-
ple groups for targeted molecular sequencing. We also highlight
that similar approaches are envisionable to study other soil animal
groups such as rotifers [28] or specific protist groups (e.g., chryso-
phytes, kinetoplastids, microalgae, Cercozoa [29], and ciliates [30]).
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Fig. 1 Schematic representation of soil eukaryotic metabarcoding. (a) Metabar-
coding of all eukaryotes after direct DNA extraction using a eukaryote-wide
(“universal”) primer pair. (b) Metabarcoding of nematodes after nematode
isolation as a representative example of group-focused approaches using the
same eukaryote-wide primer. (c) Metabarcoding of microarthropods after extra-
cellular DNA extraction as a representative of group-focused approaches using a
specific primer pair. The taxonomic resolution increases for the given organism
groups, here shown for nematodes and microarthropods, while the taxonomic
coverage is more restricted than with the universal barcoding approach

We here focus on metabarcoding-based soil eukaryome ana-
lyses including DNA extraction, amplicon preparation, sequencing,
and taxonomic identification (Figs. 1 and 2). We acknowledge that
increasing read output with sequencing platforms will slowly shift
the field of eukaryome studies toward PCR-free metagenomic and
metatranscriptomic approaches [31, 32]. As the number of char-
acterized sequences of eukaryotic genes and genomes is still limited
in the omics datasets, metabarcoding approaches will remain the
method of choice to study soil eukaryotic biodiversity in multiple
samples for the next several years.
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Fig. 2 Schematic overview of metabarcoding strategy targeting the entire eukaryome (a) or individual groups
in more focused analyses such as nematodes (b) and microarthropods (c). Distinct sample preparation and
wet laboratory processing are needed for the three targets. Sequencing and bioinformatic processing are
identical for all three targets, except for the sequence reference databases which need to be adapted to the
sequenced target and clade. General eukaryotic primers (a) allow for broad coverage of all eukaryotes while
having the same time a limited taxonomic resolution (hardly discriminate species); general eukaryotic primers
when used with nematode extracts (b) allow for specific amplification and sequencing of this clade and enable
good species resolution; arthropod primers (c) have intermediate taxonomic coverage and resolution

2 Materials

2.1 DNA Extraction 1. Soil core sampler (ø = 6 cm; length depending on the desired
sampling depth, generally 5 cm).

2.1.1 Soil DNA Extraction

for the Entire Eukaryome 2. Plastic bags and/or PVC rings (1 per sample; 5 cm high,
ø = 6 cm) for carrying soil cores.

3. Hammer.

4. Sharp knife.

5. Cooling box.

6. Water, brush, and 70% v/v ethanol to clean sampler.

7. 5 and 2 mm mesh size sieves.

8. 70% v/v ethanol or bleach and distillate water to clean sieves.
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9. DNA extraction kit for soil: DNeasy PowerSoil (Qiagen) or
NucleoSpin Soil (MACHEREY-NAGEL).

10. Spectrophotometer for DNA concentration measurement
(e.g., NanoDrop, Thermo Fisher Scientific).

11. Optional: DNA preservation solution (e.g., LifeGuard, RNA-
later, DMSO-EDTA-salt solution).

2.1.2 Nematode Isolation

From Soils with

Subsequent DNA Extraction

1. Use the same sampling material as in Subheading 2.1.1 up to
item 6.

2. Oostenbrink elutriator or any established elutriator to extract
nematode individuals.

3. Same DNA extraction kit as in Subheading 2.1.1 or a tissue/
blood specific DNeasy or NucleoSpin kit.

2.1.3 Soil DNA Extraction

for Microarthropods

1. Use the same material as in Subheading 2.1.1 except items 7
and 8.

2. Plastic bottle of 100 ml or 50 ml centrifuge tubes.

3. Silica gel in 3 g bags.

4. Phosphate buffer (Na2HPO4; 0.12 M; pH ~ 8).

2.2 Amplicon

Preparation for

Metabarcoding

1. DNA template with concentration standardized to ~5 to
10 ng/μL.

2. PCR Hot-Start Taq polymerase and buffer (GoTaq® G2
Hot-Start Taq Polymerase, Promega).

2.2.1 All Eukaryotes with

Special Focus on Protists

and Nematodes

3. PCR equipment (Thermocycler, 96-well plates).

4. PCR product quantification device (Picogreen or Qubit).

5. PCR cleanup kit (Wizard® Plus SV Minipreps DNA Purifica-
tion System, Promega).

6. A set of 24 forward and reverse primers TAReuk454FWD1
(5’-CCA GCA SCY GCG GTA ATT CC-3’) and TAReuk-
REV3 (5’-ACT TTC GTT CTT GAT YRA-3’) [33], preceded
with a 5’-end spacer of 2 to 4 N and a one of the 24 8 bp
barcode sequence (see Note 1).

2.2.2 Microarthropods 1. Same as items 1 to 5 of Subheading 2.2.1.

2. A set of 24 forward and reverse primers IllBF (5’-CCN GAY
ATR GCN TTY CCN CG-3’) [34], and ArR5 (5’-GTR ATN
GCN CCN GCN ARN AC-3’) [35], preceded with a 5’-end
spacer of 2 to 4 N and a one of the 24 8 bp barcode sequence.
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2.3 Software for

Bioinformatic

Processing

1. cutadapt (https://cutadapt.readthedocs.io).

2. vsearch (https://github.com/torognes/vsearch).

3. GNU parallel (https://www.gnu.org/software/parallel/).

2.3.1 In a Bash Operating

System (Linux or macOS)
4. biom-format (https://biom-format.org/index.html).

2.3.2 In R v3.4 and

Beyond (https://cran.r-

project.org/)

1. plyr (https://cran.r-project.org/web/packages/plyr/index.
html).

2. dada2 (https://benjjneb.github.io/dada2/index.html).

3. seqinr (https://cran.r-project.org/web/packages/seqinr/
index.html).

4. digest (https://cran.r-project.org/web/packages/digest/
index.html).

2.3.3 Example Data and

Scripts

https://github.com/lentendu/V4_SSU_ASV_bioinformatic_pipe
line/.

3 Methods

3.1 Soil DNA

Extraction

1. Using a split soil corer, take a total of 9 samples (ca 250 g each),
evenly distributed along the outer edge of a circular plot or
evenly scattered inside a square plot with a 1 to 10 m radius/
side length. Plot design has to be consistent all over the study
or habitat type investigated. Soil core depth depends on habitat
type, soil horizon, and targeted community.

3.1.1 Soil Total DNA

Extraction for the Entire

Eukaryome

2. Seal the samples individually in plastic bags and transported to
the laboratory. Keep samples in a cool box during transport and
store at 4 °C.

3. Homogenize 3 adjacent samples of the same plot by sieving
them at 5 and 2 mm in order to produce a total of three sieved
composite samples per plot (i.e., replicate samples). Only use
one fifth (~ 50 g) of the original samples to keep material for
nematodes and arthropods extraction. If the samples have to be
carried during more than 2 days to reach the laboratory, sieve
on site or at a base camp and store aliquots of 0.5 to 1 g of soil
in at least two 2 mL tubes (fill until half the volume of the tube)
and add 1 mL of DNA preservative solution in each tube.
Then, maintain tubes at 4 °C whenever possible during trans-
portation. In the laboratory, either store aliquots with preser-
vative medium at -20 °C or prepare aliquots of 10 grams
per composite sieved soil sample in 15 mL tubes and store at
-20 °C.

https://cutadapt.readthedocs.io
https://github.com/torognes/vsearch
https://www.gnu.org/software/parallel/
https://biom-format.org/index.html
https://cran.r-project.org/
https://cran.r-project.org/
https://cran.r-project.org/web/packages/plyr/index.html
https://cran.r-project.org/web/packages/plyr/index.html
https://benjjneb.github.io/dada2/index.html
https://cran.r-project.org/web/packages/seqinr/index.html
https://cran.r-project.org/web/packages/seqinr/index.html
https://cran.r-project.org/web/packages/digest/index.html
https://cran.r-project.org/web/packages/digest/index.html
https://github.com/lentendu/V4_SSU_ASV_bioinformatic_pipeline/
https://github.com/lentendu/V4_SSU_ASV_bioinformatic_pipeline/
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4. One DNA extraction is performed for each composite sample
using 0.3 g of soil material following the soil DNA extraction
kit instructions. DNA preservation solution, if any, is removed
by centrifugation (remove supernatant after 1 min at 2500 × g)
prior to DNA extraction. When using a salt-based solution for
preservation, the samples need two rounds of washing with
PCR grade water prior to DNA extraction to remove any
trace of preservative solution, which may otherwise interfere
with the DNA extraction protocol.

5. Obtained DNA extracts of the same plot may or may not be
pooled prior to PCR amplification in order to limit the number
of samples considered for amplicon sequencing (Subheading
3.2.1). This pooling step depends on the need to integrate the
spatial heterogeneity/variability within the sampled plot.

3.1.2 DNA Extraction of

Nematodes

1. Follow Steps 1 to 2 of Subheading 3.1.1.

2. Using half of each soil sample (ca. 100–150 g), pool soils of
three adjacent samples to create three composite samples
per plot.

3. Extract nematodes (ca. 5–10 k individuals) using one of several
nematode elutriators (e.g., Oostenbrink, Seinhorst) according
to the specific instructions.

4. Concentrate extracted nematodes in the first tube of the DNA
extraction kit and store at -20 °C.

5. Proceed with nematodes DNA extraction following kit
instructions.

6. Consider pooling DNA extracts of the same plot; see Subhead-
ing 3.1.1, step 5.

3.1.3 Soil Extracellular

DNA Extraction for

Microarthropods

1. Follow steps 1 to 2 of Subheading 3.1.1.

2. Place 15 to 30 g of each soil sample into a plastic bottle with
silica gel and store at room temperature. Silica gel may need to
be replaced after few days for wet samples.

3. Remove silica gel and add phosphate buffer into plastic bottle
(1/1 v/v). Shake horizontally for 20 min.

4. Retrieve two times 2 mL of supernatant into a 2 mL tube and
centrifuge at 10000 g for 1 min. Use 500 μL of supernatant to
start standard soil DNA extraction kit protocol at the first DNA
binding step (e.g., start at step 6 in the NucleoSpin Soil DNA
extraction kit). If the DNA is not enough concentrate, use until
2 mL of supernatant to bind DNA.

5. Consider pooling DNA extracts of samples from the same plot;
see Subheading 3.1.1, step 5.
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3.2 Amplicon

Preparation

Perform all steps in sterile conditions to prevent contamination.

3.2.1 Metabarcoding of

the Soil Eukaryome,

Including Protists and

Nematodes

1. Use primers TAReuk454FWD1 and TAReukREV3 [33] t
target a 390–420 bp long region of the 18S rDNA gene of a
wide range of eukaryotes including protists, fungi, and fauna
(see Note 2). Primers may include an heterogeneity spacer at
their 5’-end (see Note 3).

2. Carry out PCR reactions in 96-well plates in 20 μL volume
consisting of 1.2 μL of each primer (5 μM), 4 μL of buffer, 2 μL
of 25mMMgCl2, 0.6 μL of 10 mMDNTPs, 0.1 μL of 5 U/μL
Taq polymerase, 9.9 μL of PCR grade H2O, and 1 μL of 5 to
10 ng/μL of template DNA (see Note 4). Only use unique
combination of forward and reverse barcoded primers.

3. Apply the following PCR setup: initial denaturation at 95 °C
for 5 min, followed by 35 cycles of denaturation at 94 °C for
30s, annealing at 47 °C for 45 s and elongation at 72 °C for
1 min with a final extension for 10 min at 72 °C (see Note 5).
Use forward and reverse primers containing exclusive barcodes
for individual samples (see Note 6).

4. PCRs (items 1 to 3) have to be replicated 2 to 3 times. The
duplicate or triplicate PCR products are pooled together in
order to reduce PCR amplification bias and obtain enough
PCR product.

5. Quantify PCR products using a fluorometric quantification
device, such as Picogreen™ or Qubit™ (Invitrogen).

6. Pool the PCR products of multiple samples in equimolar con-
centrations. Pool only PCR products with unique barcoded
primers combinations, for a maximum of 24 samples. Each
library ideally contains a PCR positive or mock community, a
PCR negative (replace DNA template by PCR grade water) and
a DNA extraction negative (soil replaced by PCR grade water
for DNA extraction). In case of >21 samples, allocate the
amplicons to multiple libraries (see Note 6).

7. Purify library DNA using membrane-based purification kit.

8. Send purified libraries for library preparation and Illumina
MiSeq 2 × 300 bp sequencing using the company’s standard
protocol (or see Note 7).

3.2.2 Metabarcoding of

Microarthropods

1. Use primers IllBF [34] and ArR5 [35, 36] to target a 315 bp
long region of the mitochondrial COI gene of most arthropods
(see Note 8).

2. Use same PCR reaction mixes as in Subheading 3.2.1, step 2.

3. Apply the following PCR setup: initial denaturation at 95 °C
for 5 min, followed by 40 cycles of denaturation at 95 °C for
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30s, annealing at 47 °C for 45 s and elongation at 72 °C for
45 s, with a final extension phase for 10 min at 72 °C (seeNote
5). Use forward and reverse primers containing exclusive bar-
codes for individual samples in each library (see Note 6).

4. Continue with the same steps 4 to 8 as for Subheading 3.2.1.
The sequencing can be performed on an Illumina MiSeq
2 × 300 bp or Illumina MiSeq 2 × 250 bp platform, as the
amplified fragment is shorter than the one for whole
eukaryotes.

3.3 Bioinformatic

Analyses

Below, we describe pipelines for the bioinformatic analysis of the
sequencing output, largely making use of the Cutadapt [37] and
VSEARCH software [38] as well as the DADA2 R package
[39]. An example of the exact list of scripting command lines as
applied to sequencing data for the general eukaryotes primer set
(as in Subheading 3.2.1) is provided on the companion website
(https://github.com/lentendu/V4_SSU_ASV_bioinformatic_
pipeline/).

3.3.1 Metabarcoding of

All Eukaryotes with a Focus

on Protists

Two cases can arise depending on the library preparation strategy:

(a) The standard Illumina protocol with one or two PCR steps
ensures that the forward sequencing adapter is attached to the
forward biological primer and conversely. This procedure pro-
duces reads holding exclusively the forward primer in the R1
library and exclusively the reverse primer in the R2 library
(latter refer as “case a”). If raw reads are already demulti-
plexed, start at item 4; otherwise, start at item 2.

(b) In the ligation protocol, the forward and reverse sequencing
adapters are equally attached to the forward and the reverse
biological primers. This produces reads holding both the for-
ward and the reverse primer at the 3’-end in the R1 as well as
in the R2 libraries (latter refer as “case b”). Processing starts at
item 1.

1. Reads with different orientations (i.e., reads with either the
forward or the reverse primer at the 5’-end) have to be first
separated inside each R1 and R2 library. The forward and the
reverse primers are searched toward the 5’-end inside both the
R1 and R2 libraries, using the -g, -G, --no-indels, and --
trimmed-only options of Cutadapt. The list of primer
sequences in fasta format is provided to the g/G options,
with the sequence identifiers being the primer names which
are used to label the output fastq filenames. Multiple mis-
matches (until 30%) can be allowed on the primer sequence
as this is only a presorting of reads to facilitate the demultiplex-
ing. The option --action=none prevent removing any

https://github.com/lentendu/V4_SSU_ASV_bioinformatic_pipeline/
https://github.com/lentendu/V4_SSU_ASV_bioinformatic_pipeline/
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nucleotide from the reads. There should be only minimal loss
of reads at that step.

2. Raw reads are demultiplexed using Cutadapt. The reads of each
library and each orientation are searched for the barcode
sequences at their 5’-end using the -g, -G, --no-indels, and --
trimmed-only options. The list of barcode sequences in fasta
format is provided to the g/G options, with the sequence
identifiers being the sample names, which are used to label
the output fastq filenames. It is recommended to use nonin-
ternal adapters to improve the barcode detection by adding the
“X” symbol at the beginning of the barcode sequences (see
Note 9). Depending on the length of the barcode sequences
and the combinations of barcode used, until 2 mismatches
(max 25%) can be allowed. This step has to be repeated for
the reads in the other orientation for case b. The outputs are
one (case a) or two (case b) pairs of raw read files for each
combination of forward and reverse barcode.

3. The expected combination of forward and reverse barcodes is
assigned to their respective sample’s names.

4. The primers are stripped from the 5’-end using Cutadapt
option -g and -G. Multiple mismatches can be allowed on the
primer sequence as the quality of this fragment is not necessar-
ily linked to the quality of the biological sequence (till 25%).

5. The quality and number of reads in each sample are assessed
using the VSEARCH option –fastq_stat and --fastq_eestats2.
In order to proceed further with amplicon sequence variant
(ASV) calling using error model correction [39], the reads of
each paired libraries and of each orientation need to be
trimmed at a fixed length (see Note 10). The maximum
expected error (maxEE) can be used to select an appropriate
length, while keeping enough nucleotide in each R1 and R2 to
allow for pair-end assembly (see Note 11).

6. The reads of each library and each orientation are truncated to
the same length and filtered with the same maxEE threshold
using the VSEARCH options --fastq_filter, --fastq_trunclen,
and --fastq_maxee. As the filter does not accept paired fastq
files, the command has to be run independently for R1 and R2
libraries. Only the reads passing the filter in both directions will
be subsequently selected by first joining the sequence identi-
fiers passing the filter in both libraries and then using the --
fastx_getseq option of VSEARCH to select reads in each paired
files.

7. The reads are dereplicated in each sample, library, and orienta-
tion separately using the DADA2 R package command
derepFastq.
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8. The error rate is inferred using all samples of the same Illumina
run for each library and each orientation separately using the
DADA2 command learnErr (see Note 12).

9. The sequence variants are assessed over all samples of the same
run, same library, and same orientation using the DADA2
command dada, with the pool option set to TRUE.

10. Pairs of reads from R1 and R2 libraries are merged for each
orientation using the DADA2 command mergePairs. A mini-
mum overlap of 10 nt is required and the maximum number of
mismatches can be adjusted, with a good starting point at 10%
of the minimum overlap.

11. The count table is generated with the DADA2 command
makeSequenceTable. For case b (ligation-based library), the
paired reads originally with the reverse primer at the 5’-end
of R1 library are reverse-complemented using the SeqinR R
package command c2s [40].

12. Sequence count tables are merged throughout runs and orien-
tations using the DADA2 command mergeSequenceTables.

13. Chimera are detected and removed using the DADA2 com-
mand removeBimeraDenovo, with the pool option set
to TRUE.

14. The count table is exported to a TAB-separated values file. ASV
sequences are labeled with their SHA1 hash using the digest R
package command sha1 [41] and exported to a fasta file.

15. The taxonomy of the ASV is assigned by comparing to
sequences of the Protist Ribosomal Reference database (PR2;
[42]) using the global pairwise alignment (--usearch_global
option) of VSEARCH. Pairwise identity is computed without
taking into account terminal gaps (option “--iddef 2”). All best
hits with a minimum similarity of 60% are conserved (options
“--id 0.6 --top_hits_only --maxaccepts 0”).

16. A consensus taxonomy is generated for ASV assigned to multi-
ple best hits with divergent taxonomy using a 60% threshold
for each taxonomic rank.

17. ASV count table and taxonomic information are assembled
into one table and format into a BIOM table for sparse and
long-term storage [43].

3.3.2 Metabarcoding of

Nematodes

1. Use the same steps 1 to 17 of Subheading 3.3.1. The SILVA
SSU reference database [44] can be used as an alternative at
item 15 instead of PR2.

3.3.3 Metabarcoding of

Microarthropods

1. Use the same steps 1 to 17 of Subheading 3.3.1, but use the
MIDORI Reference 2 COI (“CO1,” [45] ) reference data-
base at item 15 instead of PR2.
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4 Notes

1. Barcodes of at least 8 nt length have to be selected to have an
almost equal share of each four bases at each position when
pooled together and with at least 4 bp pairwise distance (with-
out gap allowed). Sets of 26 forward and 26 reverse barcodes
were designed and successfully tested in previous studies
[46]. 12-nt long barcodes allow to use up to 2167 different
barcodes with at least 8 bp pairwise distance, which need to be
considered when more than 21 samples have to be pooled in a
single library [47]. Barcodes attached to the forward and the
reverse primers of a unique barcode pair can be identical.

2. The most common alternative primer pair used to study
eukaryotic diversity in environmental samples is 1389F
(5’-TTG TAC ACA CCG CCC-3’) and 1510R (5’-CCT
TCY GCA GGT TCA CCT AC-3’). These primers target a
120 to 150 bp long region of the V9 SSU rDNA gene
[48]. This shorter fragment is sequenced on other Illumina
platforms producing shorter reads (e.g., Miseq 2 × 150 bp,
HiSeq, or NovaSeq) and has generally a similar taxonomic
resolution than the proposed primer pair [16, 17]. A disadvan-
tage of this approach is that many publicly available 18S rDNA
sequences stop before the V9 region. On the other hand,
HiSeq and NovaSeq have greater sequencing depth, and flank-
ing regions are more conserved in eukaryotes, which imply
relatively less amplification biases. Other primers may be used
to amplified the full-length SSU rRNA gene or the rRNA
operon (18S, ITS, 28S), to be sequenced on third-generation
high-throughput sequencing platform like Nanopore or Pac-
Bio [16, 49]. Every primer pair will have its own specific set of
amplification biases, some groups being better/less amplified
with certain primers [16, 17].

3. The addition of a 0 to 4 base long heterogeneity spacer at the
5’-end of the primer is a valid approach to increase the base
heterogeneity at 5’-end of the sequences which increase the
quality of the Illumina sequencing and reduce the need for
PhiX addition to sequencing libraries [50].

4. When more volume of PCR product is needed in the following
steps, PCR reactions might be prepared in 50 μL final volume,
in which case all volumes have to be multiplied by a factor of
2.5.

5. PCR conditions might vary depending on the polymerase and
thermocycler used and should be tested using a gradient PCR
before application. An altered annealing temperature will, how-
ever, provide a different picture of the resulting community as
higher annealing temperatures will benefit those targets that
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optimally bind primers, while lower temperature will also
amplify less-specific targets. The approach taken depends on
the experimental question but, in order to compare between
different studies, adopting an identical protocol is
recommended.

6. If more libraries are to be created (see Subheading 3.2.1, step
6), the same primers (i.e., with the same barcodes) can be
reused in different libraries, thereby reducing primer costs. In
this case, the distribution of samples over libraries should be
considered already before the PCR steps, so that samples can
randomly be allocated to a library.

7. For ligation-based library preparation with Illumina TruSeq
kit, avoid the T4 DNA polymerase blunt-ending and the
post-ligation PCR as these steps are not necessary for amplicon
libraries, and they cause tag jumps [51].

8. Alternatives primers targeting the mitochondrial 16S rRNA
gene (Chiar16SF: 5’-TAR TYC AAC ATC GRG GTC-3’,
Chiar16SR: 5’-CYG TRC DAA GGT AGC ATA-3’, ~ 350 bp
long) [52] can be used here.

9. The X symbol at 5’-end of the barcode sequences allows for
partial match at the 5’-end only. This is relevant when primers
are produced without HPLC purification as they could have
1 to 2 nucleotides missing at their 5’-end, which can cause
mis-tagging due to reduced length of the barcode sequences.
Using a heterogeneity spacer in front of the barcode sequence
is a good solution to mitigate this issue (e.g., 2 to 4 N’s at
5’-end); this produces also higher overall reads quality (see
Note 3).

10. The quality of the reads is generally dropping toward the
3’-end, a tendency that is generally more pronounced in the
R2 libraries.

11. To ensure proper alignment, pair-end assembly should be done
on at least ten nucleotides, so that the cumulative length of R1
and R2 reads after length truncation have to be at least the
maximal length of the biological sequence plus ten. The --
fastq_eestats2 option in VSEARCH is in this sense ideal to
simulate the number of reads retained when using different
length and maxEE cutoffs. The maxEE filter can be tested over
a range from 0.5 to 4. As rule of thumb, length truncation and
maxEE filtration should not remove more than 20% of reads. If
more reads are dropped, there might be quality issues with the
sequencing run.

12. The more data are provided to the model, the better the model
prediction will be. Also, the better ASVs that are rare in a
sample but abundant in others will be detected. It is possible
to infer the error rate for each sample individually, which allows
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for parallel computation and a large reduction of computation
time. Single sample error rate inference tends to remove rare
ASV, which may or may not be desirable depending on scien-
tific questions. These sequences are often present in low abun-
dance, but spread over multiple samples. Further guidelines are
available on the tool website (https://benjjneb.github.io/
dada2/).
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