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Collembola are used widely to monitor soil health and functional parameters. Recent developments in high
throughput sequencing (especially metabarcoding) have substantially increased their potential for these ends.
Collembola are especially amenable to metabarcoding because of their small size, high abundance, and ubiquity
in most habitat types. However, most Collembola sampling protocols collect a substantial and highly varied
bycatch that can be a considerable impediment to metabarcoding, especially because of data lost to non-target
species. We designed a primer set amplifying the D2 expansion segment of ribosomal DNA that is highly
conserved across Collembola and successfully excludes from amplification nearly all other invertebrate taxa. We
tested the diagnostic power of the primer set by clearly distinguishing Collembola communities between forest
sites with differing habitat qualities in Sao Paulo State, Brazil. The oligos amplified all Collembola orders pre-
viously encountered in the sampling locations, with no non-target amplification, and also excluded the closely
related Protura and Diplura. Alpha diversity (OTU count) and phylogenetic diversity was significantly higher in
high quality habitats. Moreover, the beta diversity indices successfully differentiated high and low-quality
habitats. This new addition to the biomonitoring toolbox greatly increases the accessibility of Collembola met-
abarcoding for various types of habitat assessments.

1. Introduction

Collembola (springtails) are important invertebrate indicators of soil
ecological parameters (Bispo et al., 2009; Potapov et al., 2020) and are
organisms particularly amenable to field biomonitoring initiatives
(Breure et al., 2003; Fiera, 2009; de Filho et al., 2016; Zeppelini et al.,
2009). Collembola are a statistically appealing taxon because diversity
calculations can be based on high sample sizes per collection, whilst
often maintaining a low sampling effort. In tropical soils, for example,
Collembola can comprise over 60,000 individuals per m? and are often
represented by dozens of species (Basset et al., 2022; Culik et al., 2002).

The taxonomic bottleneck currently limits Collembolan’s full

* Corresponding author.
E-mail address: pedro@ipe.org.br (P.M. Pedro).

https://doi.org/10.1016/j.ecolind.2023.111202

potential as an efficient soil biological indicator, particularly in under-
studied regions such as South America. Morphological identification is
particularly difficult because of the small size of most taxa and a dearth
of diagnostic morphological traits resulting in high occurrence of cryptic
species (Porco et al., 2012; Sun et al., 2017). However, a growing DNA
barcode reference library has largely made this “impediment” moot.
Genetic markers can now provide effective identification of many spe-
cies, regardless of their life stage and/or specimen integrity (Beng et al.,
2016; Eaton et al., 2017).

Recently, metabarcoding pipelines have greatly broadened spring-
tails’ potential as biological indicators (Saitoh et al., 2016). Metazoan
metabarcoding has built upon the advantages of single-specimen
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barcoding to simultaneously identify potentially thousands of individuals
per sample (Yu et al., 2012, Ji et al., 2013). However, the technique has
one significant drawback that can result in substantial analytical in-
efficiencies, particularly when using non-selective field sampling pro-
tocols: a significant portion of the DNA sequences resulting from bulk
samples can comprise non-target DNA, which occupies space in
sequencing flow cells and increases costs. To circumvent this issue, re-
searchers can use primers targeting focal taxa, such that little or no a
priori hand-sorting is required prior to DNA extraction (Brown et al.,
2016; Ficetola et al., 2008; Pedro et al., 2020).

Here we present a primer set designed to amplify an approximately
440-bp fragment of the Collembola D2 expansion segment of the 28S
operon without amplifying significant non-Collembola bycatch (vali-
dated in silico and in vitro). The primers’ exclusivity to Collembola was
benchmarked by sequencing the entire contents of field-set pitfall traps,
with minimal or no sorting.

This primer set and the associated metabarcoding analytical pipeline
were tested in conjunction with pitfall sampling to assess differences in
Collembola species composition between mature forests and incipient
reforestation plots. Considering many Collembola species are detri-
tivores specialized on varying types of leaf litter (e.g., Fujii and Takeda,
2012), we hypothesised that these two successional stages would be
reflected by metabarcoding. Furthermore, we tested biogeographic
patterns in locations ~400-km apart to evaluate the regional distribu-
tion of Collembola within the Atlantic Forest, a geographical scale that
has never been explicitly tested within a single Neotropical biome.

2. Material and methods
2.1. Primer design

Ribosomal loci are used in metabarcoding initiatives because they
are taxonomically informative and, because of their non-protein-coding
nature, often allow for the design of primers fully conserved to the target
region (i.e., with no degeneracy at third codon positions; Burki et al.,
2021; Semmouri et al., 2021). There is expected to be minimal PCR-bias
when using these types of primers and rDNA is therefore an attractive
option when estimates of relative proportions of taxa are needed (e.g.,
Pedro et al., 2020). Here, we target the D2 domain of the 28S operon of
nuclear ribosomal DNA (rDNA), which has been extensively used in
species diagnosis, both pre- and post-metabarcoding (Campbell et al.,
1994; Dodd et al., 2000; Pedro et al., 2021).

We initially downloaded all available GenBank accessions with
keyword “28S” for Collembola and non-Collembola arthropods that
contained either of the conserved D2 flanks using default MegaBLAST
parameters (as per GenBank accession JX261730 for Heteromurus sp.).
Sequence hits flanking the forward annealing region totalled 1,492 for
Collembola and 42,129 for non-Collembolan arthropods. Reverse se-
quences were 562 and 38,200, respectively. Non-arthropods were not
considered, as their D2 flanks were considerably diverged from the
target ingroup and thus unlikely to compete with our target Collembola
templates.

We evaluated only BLAST results with full binomial identification (i.
e., genus and species) and filtered results to exclude hits where putative
priming sites were less than 20 nucleotides from the sequence termini
(in order to omit those unwittingly submitted to GenBank with the
original amplification oligo sequences still included). The filtered Col-
lembola D2 sequences comprised 13 families and represented all four
currently recognized Collembola orders (Entomobryomorpha, Podur-
omorpha, Symphypleona and Neelipleona).

Forward and reverse primers were designed that amplified the
polymorphic region of D2 and were conserved among all available
filtered Collembola GenBank sequences (576 and 166, respectively)
with little or no degeneracy. These were designed so that the non-
Collembola sequences did not possess the matching 3' nucleotide in
either primer. The result of these comparisons was Collembola-F (5-
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AGAGAGTTMAAWAGTACGTGAAACCT-3")
TGTTTCAAGACGGGACAGGC-3".

We graphically confirmed the binding site variation and taxonomic
resolution of the Collembola-F and Collembola-R primers designed above
against all Collembola GenBank entries possessing both forward and
reverse priming locations using the ecopcr module of Obitools (v1.2.13)
(Boyer et al., 2016). We undertook an analogous comparative evaluation
using two primer sets previously used in Collembola metabarcoding, 16S
and CO1 (Saitoh et al., 2016), to assess the appropriateness of all
currently available oligos. Our parameters for ecopcr allowed for a
maximum of four mismatches in either primer and sequences had to
possess priming sites at least 20 nucleotides from their termini. Expected
ecopcr amplicon length in arthropods for D2 was 200-600 bp, for CO1
was 260-280 bp and for 16S 300-600 bp.

We also tested the fidelity of D2, 16S and CO1 primers to three non-
Collembola taxa commonly found during pitfall and funnel sampling
methods (based on our previous experience in the locations sampled):
Acariformes, Coleoptera and Hymenoptera (principally ants). Here, we
sought to assess each primer set’s cross-amplification in these non-target
groups.

The resulting ecopcr output was analysed and graphed in R (R
Development Core Team 3.0.1, 2013) using the ROBITools package
(https://metabarcoding.org/obitools).

and Collembola-R (5-

2.2. Pitfall sampling

In order to test the applicability of the D2 primer sets in analyzing
richness and composition of Collembola communities, we used them on
invertebrate samples obtained by pitfall sampling in two locations in Sao
Paulo State, Brazil. The first location, in Ubarana municipality
(approximately 21°14'09" S, 49°43'12" W), consisted of a forest remnant
adjacent to a hydroelectric reservoir, within which invertebrates were
sampled at 13 sampling points. The second location was located near
Nazaré Paulista (23°12'48" S, 46°21'58" W) where 15 points were
sampled. In both locations, sampling points were distributed within
forest classified as high-quality as well as low-quality (Supplemental
Data 1). The latter category comprised areas of reforestation initiatives
in initial stages of succession.

Sampling was undertaken with “mini” pitfall traps improvised from
50-ml Falcon tubes half-filed with absolute ethanol and protected from
rain and detritus with a plastic plate. The lip of the tube was fitted with
an improvised inverted plastic funnel to limit ethanol evaporation and
fitted with a 5-mm screen to prevent entry of taxa larger than ~2 mm.
Three such pitfalls were used per sampling location, each placed within
a radius of approximately 3 m. Pitfall traps were deployed for approxi-
mately 30 days beginning in September 2015 in Ubarana) and July 2016
in Nazaré Paulista (Supplemental Data 1).

Although all pitfall traps contained much more bycatch DNA (from
Diptera, Lepidoptera, Coleoptera and Hymenoptera (primarily ants))
than Collembola tissue, we nonetheless limited sorting effort to the rare
cases of twigs, soil or very large beetles present amongst the catch.

2.3. DNA extraction, PCR and sequencing

The contents of pitfall traps were returned to the laboratory and
stored at —20 °C for not more than 1 week prior to DNA extraction. The
50-ml tubes used as pitfalls contained substantial amounts of bycatch,
dominated by soil mites, small beetles and ants. In some cases, the mesh
used to prevent entry to larger organisms had been torn and larger items
were occasionally sampled.

We decanted the contents of the 50-ml tubes into weighing boats and
then removed bycatch that was cumbersome to the downstream proto-
col, such as very large-carapaced insects and sources of PCR inhibitors
(twigs, leaves, soil), but no further sorting was done, as taxon-specific
primers were used. Weighing boat contents (including targeted Col-
lembola and bycatch) were transferred to 2-ml Eppendorf tubes, dried
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overnight on silica gel, and macerated using a Savant FastPrep lysis mill
at maximum speed for 20-s using 1-mm ceramic beads (when necessary,
large samples were divided into multiple tubes that were re-pooled
following maceration).

A subsample of the maceration product was then submitted to DNA
extraction using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA)
following manufacturer’s instructions for insects.

The working stock DNA from each sample extraction was diluted to
100 ng/ul. Nested PCR reactions were performed using the Collembola-
specific D2 primer set described above. Samples from different collec-
tion sites were tagged with multiplex identifiers (MIDs) to allow com-
bined 454 FLX sequencing. In summary: a first PCR was done using the
forward primer Collembola-F.adF (5-GGCCACGCGTCGACTAGTAC
AGAGAGTTMAAWAGTACGTGAAACCT-3"), where the underlined
portion is an adaptor overhang used to decrease the cost of multiplexing
PCR primers. The reverse primer for the first PCR was Collembola-R (5'-
TGTTTCAAGACGGGACAGGC-3").

The product from the initial reaction was diluted 10x, purified and
submitted to a second PCR using the forward primer 454A-MID-adF (5-
CGTATCGCCTCCCTCGCGCCATCAG NNNNNN GGCCACGCGTCGAC-
TAGTAC-3'; where Ns represent a 6-bp barcode, the forward 454 fusion
primer is italicized, and the adaptor overhang sequence is underlined)
and the reverse Collembola-R_454B (5'-CTATGCGCCTTGCCAGCCCGCT-
CAG TGTTTCAAGACGGGACAGGC-3'), where the 454 fusion reverse
primer is italicized.

Clean products (QIAquick PCR Purification Kit) were sequenced in
the forward direction on 1/8 plate of a 454 Life Sciences Genome
Sequencer FLX machine (Roche, Branford, CT) using the Macrogen fa-
cilities (South Korea).

2.4. Sequence processing

We used MOTHUR v.1.36.1 (Schloss et al., 2009) to filter NGS se-
quences with a minimum average quality score of 25 and minimum
length, after trimming of primer sequences, of 150-bp. We allowed for
no nucleotide differences in the barcode region of the oligo and four
differences in the priming region. Clustering of reads into OTUs was
done as described in the USEARCH 454 SOP (http://drive5.com/
usearch/manual8.1/upp_454.html;Edgar, 2010), which also removes
chimeras based on de novo detection. OTUs represented by nine or fewer
reads were removed from all subsequent analyses. A read-clustering
threshold of 3 % was adopted to bin OTUs. We assigned OTUs to tax-
onomy using a database created from all available Collembola GenBank
entries using the RDP classifier (Wang et al., 2007).

2.5. Alpha and beta diversity estimates

In order to evaluate the influence of habitat quality on Collembola
richness, we estimated the number of operational taxonomic units
(OTUs; MOTHUR command summary.single) and the scaled phylogenetic
diversity (command phylo.diversity) at each sampling location. For each
of the two response variables, we ran a model selection based on a
candidate model set including “forest quality” and “sampling month” as
fixed factors, and “sampling region” as a random factor.

To test for differences in community composition, we calculated
pairwise dissimilarity between all sampling points relying on i) the
Jaccard index (occurrence-based index) and ii) the Bray-Curtis dissim-
ilarity index (abundance-based), and used Non-metric multidimensional
scaling (NMDS), as well as Permutational multivariate analysis of vari-
ance (PERMANOVA; Anderson, 2006) (see Supplemental Data 2 for
details on statistical analyses). All analyses were carried out in R using
Ime4 (Bates et al., 2015) and vegan package (Oksanen et al. 2022).
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3. Results
3.1. Primer design

The GenBank sequences employed in the initial primer design were
used to create the ecopcr libraries. For Collembola, 278 D2 sequences
(representing all four Collembola orders) conformed to the ecopcr pa-
rameters, i.e., possessed both forward and reverse primers that were at
least 20-bp away from sequence end. Another 26,468 non-Collembola
arthropod D2 sequences were retrieved that matched the parameters
above.

The priming sites were nearly universally conserved in Collembola
except for two polymorphic nucleotides in the forward primer (Fig. 1).
However, the two degenerate positions in primer Collembola-F were 15
and 18 nucleotides away from the 3'-end, locations that generally result
in little PCR bias (Kwok et al., 1990).

Our primer design strategy for Collembola sought to maximally
exclude non-Collembola amplification by having 3' nucleotides that
mismatched non-Collembola. The 3-T in Collembola-F and 3'-C in Col-
lembola-R were rarely found in any non-Collembola arthropod sequences
(in 0.06 % and 4.6 % of those conforming to the ecopcr parameters,
respectively), and in these instances the two primers never occurred
together in an individual sequence, thus precluding PCR.

Conversely to the D2 primers, substantial primer conservation (both
generally and at the 3’ nucleotide) among all Metazoa was seen in the
two primer sets previously used in Collembola metabarcoding (Saitoh
etal., 2016). For example, the 16S priming positions were relatively well
conserved amongst the Collembola sequences (thereby minimizing
primer bias), but also were not substantially different at their 3’ end from
the other taxa evaluated (Supplemental Data 2, Fig. S1). Likewise, the
CO1 primers were equally similar to Collembola and to non-Collembola
targets (Supplemental Data 2, Fig. S2). Moreover, the CO1 primers were
polymorphic at silent substitutions at each third codon positions, even
those near the sensitive 3’ end. This may increase primer bias (Arnheim
and Erlich, 1992) and, consequently, limit comprehensive estimates of
relative abundances of PCR targets in bulk samples.

The taxonomic resolution of the D2 primers was relatively similar to
both the COI and 168 sets previously used by Saitoh (2016b). In com-
parisons of only those species that were shared between the two
markers, D2 (36 sequences) and 16S (42 sequences) both distinguished
100 % of species. The COI primer set has marginally better resolution in
718 GenBank sequences than D2 (89 sequences): 96.9 % versus 95.4 %.

3.2. PCR and sequencing results

The first of the nested PCRs did not produce primer dimers or non-
specific bands (Supplemental Data 2, Fig. S3). This substantially
simplified the laboratory pipeline, as a clean-up step was not needed
before the second, indexing PCR.

Following sequence filtering, 35 unique OTUs were derived from the
two sampling locations, averaging ~460-bp. RDP results assigned all of
these to class Collembola (100 % bootstrap; see Supplemental Data 3),
indicating no cross-amplification of bycatch DNA. All OTUs were
assigned to genera at RDP 80 % threshold or above, except OTUs 36, 27,
and 8, which had support values of 72, 72, and 57 % respectively. The
RDP results spanned ten of the 19 Collembola families currently repre-
sented in Brazil (Abrantes et al., 2010). Of the families previously
recorded in Sao Paulo State, only Arrhopalitidae, Brachystomellidae and
Tullbergiidae were undetected in our samples. Resulting sequences were
assigned to all Collembola orders except Neelipleona, which has not
previously been documented in Sao Paulo State.

Collembola OTUs were highly specific to either of the two Atlantic
Forest localities. Out of the 35 OTUs, 24 were registered in Ubarana and
16 in Nazaré Paulista. Only OTU1, OTU2, OTU7, OTU10 and OTU20
occurred in both Nazaré Paulista and Ubarana (Supplemental Data 3).
This high level of species turnover over ~500-km has been shown in
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Fig. 1. Sequence logos of the D2 primers designed herein (Collembola-F and Collembola-R) assessed for their complementarity to Collembola and three additional taxa
commonly found during pitfall sampling protocols: Acariformes, Coleoptera and Hymenoptera.

biomes of similar latitudes (South Africa; Janion-Scheepers, et al.,
2020). This indicates that biogeography must be a consideration when
using Collembola as bioindicators across large spatial areas.

Average number of OTUs registered in Ubarana high-quality sites
was 6.6 (ranging from 2 to 14 OTUs) and 6.25 for Ubarana low quality
sites (ranging from 3 to 8 OTUs). While for Nazaré Paulista, average
number of OTUs registered in high quality sites was 3.75 (ranging from 2
to 5 OTUs) and 1.8 for low quality sites (ranging from 1 to 4 OTUs).

Demultiplexed 454 sequence data for each of the 35 samples ana-
lysed herein are in NCBI's Sequence Read Archive under project
PRJINA645344 (https://www.ncbi.nlm.nih.gov/sra/).

3.3. Alpha and beta diversity

The results of the model selection explaining richness were similar
for both response variables (number of OTUs and phylogenetic di-
versity). In both cases, the model including only forest quality as fixed
factor was selected as the best model, and the additive model including
sampling month as second-best model (Supplemental Data 2 Table S1).
While the additive model was equally plausible to the best model
explaining the variation in number of OTUs (i.e., deltaAICc < 2) it was

a) A\ Nazaré_Paulista A
A Ubarana
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©
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2 s
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A
A
low high

not selected for phylogenetic diversity. The two models including forest
quality thereby accumulated an AICc-weight of 94 % (number of OTUs)
and 95 % (phylogenetic diversity). Model estimates indicated that sam-
pling sites within high-quality habitat had higher number of OTUs
observed as well as higher phylogenetic diversity (Fig. 2).

Most OTUs were highly specific to either high- or low-quality
habitat, with only twelve OTUs occurring in both habitat classes (Sup-
plemental Data 3), leading to a significant effect of habitat quality on
community dissimilarity independently of the distance metric used
(Supplemental Data 2 Table S2). Accordingly, high- and low-quality
sampling sites were clearly separated by NMDS (Figs. 3 and S4). Com-
munities were also significantly dissimilar among geographic sampling
locations (Supplemental Data 2).

4. Discussion

Metabarcoding is a useful technique to assess soil species- and
community-level information, thereby providing useful insight on
terrestrial and overall ecosystem health. For example, Yang et al. (2014)
found that leaf litter samples were considerably more informative in
differentiating between habitat types than above-ground/aerial
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Fig. 2. Predictions of best model explaining variation in number of observed OTUs (a) and phylogenetic diversity (b). Open triangles and smooth line: samples from
Nazaré Paulista, filled triangles and dashed line: samples from Ubarana. Note that predictions for the increase in phylogenetic diversity are similar between the two

regions, which led to superimposition of the respective lines in b).
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Fig. 3. Non-metric multi-dimensional scaling (NMDS) of pairwise comparison of Collembola communities in Ubarana (a, 13 communities) and Nazaré Paulista (b, 15
communities) based on Bray-Curtis-dissimilarity. Grey symbols: sampling sites in high forest quality areas; black symbols: sampling sites sampling sites in low forest

quality areas; Polygons enclose sites within same forest quality.

measures (Malaise trapping or fogging).

Among soil invertebrates, Collembola are of special interest given
their proven potential as ecological and biological indicators (e.g.,
Arenhardt et al., 2021; Cassagne et al., 2006). The D2 primers herein
allow for the exclusive amplification of Collembola from bulk samples
with minimal PCR bias. The pipeline obviates time-consuming sorting
and does not require that samples are morphologically analysed. It is
especially appropriate when the sampling protocols used yield large and
diverse amounts of bycatch (such as pitfall trapping), which, in previous
Collembola metabarcoding studies, competed for large portions of the
flow-cell yield (Saitoh, et al., 2016).

Our protocol differentiated several high- and low-quality samples
that were defined principally based on the size of trees at pitfall loca-
tions. High-quality sites were composed of mature trees with closed
canopies and consequently hosted fewer herbaceous ground species.
Thus, leaf litter and surface sunlight/heat may be largely responsible for
differences seen between sites among the epidaphic Collembola trapped
by the pitfalls (Argote et al., 2023; Machado, et al., 2019).

The locations used to benchmark our protocol were approximately
400-km apart and although Collembola species distributions have been
estimated across hundreds of kilometers (Fiera & Ulrich, 2012; Zeppe-
lini Filho, et al., 2013), taxonomic turnover within the same Neotropical
bioregion is little studied. Herein, Ubarana and Nazare Paulista (both
characterized as Atlantic Forest) shared 14 % of unique species. This is
similar to previous comparisons between samples from the Atlantic and
Amazon forests (Zeppelini Filho, et al., 2013). These results confirm that
a few dominant species may be relatively cosmopolitan across different
biomes, but a majority are substantially limited in their dispersal and/or
in their micro-environmental tolerances (Culik and Filho, 2003).

In comparisons with previously used markers, the D2 amplicon’s
species diagnostic performance is similar to both 16S and COI. More-
over, the low degeneracy of the D2 primers minimizes the PCR bias from
synonymous mutations inherent in polymorphic protein-coding loci
such as COI (Clarke et al., 2014; Deagle et al., 2014; Pedro et al., 2020).
Although Saitoh et al. (2016) found a strong correlation between Col-
lembola biomass and normalized sequence reads (R = 0.91-0.99)
(suggesting the 16S primers also have little primer bias), their results
with bulk samples included 35 % non-target sequences. This is a sub-
stantial loss of flow-cell capacity.

The D2 marker may currently be inappropriate in contexts where
species diagnosis is required (such as in pest detection or toxicology
assays) because of the relatively small taxonomic reference databases.
However, many soil biomonitoring studies, rely on sample comparisons
with reference sites, rather than molecular taxonomy per se (e.g., com-
parisons between pristine forests and perturbed sampling sites (Russell
and Alberti, 1998; Arbolaez et al., 2023)). Moreover, although other
markers, notably COIL, have substantially more complete database, they
are nonetheless probably still underrepresented because of the sheer
number of species thought to still be described, especially in tropical
soils (Bernard and Felderhoff, 2007; Cicconardi et al., 2013).
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