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Abstract Environmental DNA (eDNA) metabar-
coding can enhance understanding of global biodiver-
sity by making it possible to study taxonomic groups
that are difficult to sample. However, experimental
choices made when generating eDNA data can impact
biodiversity surveys and must be carefully considered
during study design. Here, we explored the impact of
DNA extraction protocol and metabarcode choice on
recovery of meiofauna DNA from sand. We extracted
DNA from untreated sand and from sand treated with
either Ludox or MgCl, and amplified DNA using the
18§ and COI metabarcodes. We found differences in
species composition and richness both between
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metabarcodes and among sampling strategies, con-
firming the sensitivity of the experiments to both
parameters. Combining data from multiple barcodes
and from multiple extraction protocols increased
recovered meiofaunal taxonomic diversity. Future
metabarcoding studies and meta-analyses should con-
sider the effects of sampling protocols on biodiversity.
Our results also highlight the need to continue to
improve existing reference databases of morphologi-
cal and molecular characterization of meiofauna, in
particular of the tropics, which are poorly represented
in existing databases.
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Introduction

The meiofauna include all benthic animals and
protozoa whose sizes range between macro- and
microfauna. Meiofauna are defined as organisms that
pass through a net with a mesh size of 500-1000 pm
and are held back by nets of 20-63 pum mesh size
(Fenchel, 1978; Higgins & Thiel, 1988; Giere, 2009;
Ptatscheck et al., 2020). Meiofauna are essential
members of the marine benthos, as they are basal in
the trophic network and contribute to bioturbation
through recycling of nutrients and activation of
geochemical cycles (Bonaglia et al., 2014). This basal
position and biological characteristics including high
reproduction rates, short generation times, and the
absence of pelagic larval dispersion for some groups,
makes these organisms highly sensitive to environ-
mental changes (Bongers & Ferris, 1999; Giere,
2009), and therefore important data sources for
environmental impact and monitoring studies (Ken-
nedy & Jacoby, 1999; Moreno et al., 2008; Zeppilli
et al., 2015; Martinez et al., 2015).

Many studies have attempted to estimate meioben-
thic biodiversity worldwide, of which the vast major-
ity focus on identifying species among the dominant
meiofaunal groups using morpho-taxonomy (Ap-
peltans et al., 2012). Despite this work to characterize
the marine meiobenthos through traditional taxonomy,
several challenges remain, including the lack of
specialist taxonomists and the fact that diagnostic
morphological features of these organisms are often
lost after methodological treatment (Zeppilli et al.,
2015). These challenges lead to potentially biased
estimates of the richness and distribution of marine
benthos species. DNA metabarcoding approaches, in
which “barcode” primers are used to amplify all
species present in an environmental DNA (eDNA)
sample that match the primer sequences, offer a
complementary approach to cataloging meiofaunal
species of the marine benthos using morphology.
eDNA metabarcoding can be more efficient in
estimating species richness than the morphotaxonomic
approach (Lejzerowicz et al., 2015), and can comple-
ment and expand existing approaches to assess overall
biodiversity (Fonseca et al., 2017).

While studies of meiofaunal communities using
metabarcoding have shown the benefits of the tech-
nique for this particular group, many challenges
remain. In particular, it would be useful to better
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understand what biases emerge when cataloging
meiofaunal diversity from choice of genetic locus,
field collection and DNA extraction protocols,
metabarcoding library preparation assays, and bioin-
formatic approaches, all of which can impact results
(Deiner et al., 2015; Clare et al., 2016; Leasi et al.,
2018; Fais et al., 2020).

DNA marker choice is a known challenge in
metabarcoding studies. The COI gene has been used
routinely in both barcoding and metabarcoding studies
of animal species (Hebert et al., 2003). Degenerate
primers aimed to amplify short fragments have been
developed to broaden their taxonomic application and
to optimize the amplification of degraded DNA from
the environment (Vamos et al., 2017). In particular,
primers developed by Leray (2013) target a 313 bp
fragment that is commonly used in marine metazoan
metabarcoding, as is the combination mICOlintF +
jeHCO2198 primers developed by Geller et al.
(2013). Lobo (2013) developed degenerate primers
for the same region, and the combination
mlCOlintF + LoboR1 was tested and recommended
by Haenel et al. (2017) and Fais et al. (2020) for
meiofaunal metabarcoding assays. This combination
was preferred by Chang et al. (2020) based on costs.
The I8S nuclear gene is also commonly used in
metabarcoding studies of marine metazoans, in par-
ticular the 78S V1-V2 region or the /85 V9 region
(Van der Loos & Nijland, 2020), but has been
suggested to have less power than CO/ to discriminate
species (Tang et al. 2012, Creer et al., 2010; Leray &
Knowlton, 2016). However, Fais et al. (2020) detected
similar richness from COI and 18S, but different
meiofauna composition in the assays. Because mark-
ers will often amplify different species, combinations
of two or more markers are recommended to result in
more accurate estimates of species richness and
composition (Alberdi et al., 2017).

Experimental design can also impact what taxa are
recovered from environmental DNA samples. Many
meiofaunal studies undertake a preprocessing step
prior to DNA extraction, which is thought to improve
DNA recovery of target taxa (Brannock et al., 2015).
The most commonly used preprocessing steps are the
same as those used prior morphological determination
of meiofauna (Montagna et al., 2017; Vand der Loos &
Nijland, 2020), and include separation via decanta-
tion/flotation with either MgCl, (Leasi et al., 2018) or
Ludox solution (Fonseca et al., 2017; Faria et al.,
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2018). Preprocessing is believed to facilitate recovery
of largely cellular DNA (Creer et al., 2010). Some
studies extract DNA directly from sand or water
without preprocessing so as to specifically target
extracellular DNA (Guardiola et al., 2015; Pearman
et al., 2016), whereas other marine sediment studies
focus on total DNA (Lejzerowicz et al., 2015;
Nascimento et al., 2018; Fais et al., 2020). Hajibabaei
et al. (2019) proposed that direct extraction of total
DNA without pre-treatment reduces the probability of
identifying many key species, such as benthic bio-
indicator taxa. Better understanding of the impact of
preprocessing on taxonomic recovery will be useful, in
particular as eDNA studies are increasingly used to
target large diversity assemblages for ecological
analyses (Hermans et al., 2018).

In this study we used eDNA metabarcoding to
estimate intertidal meiofaunal biodiversity present in
four sandy beaches of Northern Colombia. We
performed DNA extraction from samples treated using
two common pre-treatment protocols for meiofaunal
separation (MgCl, and Ludox) and from sediment
without any pre-treatment (i.e., direct extraction), and
amplified DNA using the /8S and COI markers. We
then evaluated the impact of both of these parameters
on the inventory of metazoan meiofauna taxa recov-
ered at each beach. We also compared our results with
previous meiofauna species reports in the geographic
region, with the aim of assessing how eDNA may
complement traditional morphological surveys.

Methodology
Sample collection

We collected sand samples from the intertidal in
triplicate at four different beaches in Northern Colom-
bia: Santa Marta (11° 14.54' N, 74° 12.96' W),
Rodadero (11° 12.3' N, 74° 13.68' W), Sisiguaca (11°
16’ 15.45" N, 74° 12’ 2.69” W) and Monoguaca (11°
16’ 16.77" N, 74° 12/ 9.74"), between July and August
2019. Sand was extracted with a corer of 10 cm length
and an internal diameter of 3.57 c¢cm, which is consid-
ered a minimum sampling area of 10 cm® (Giere,
2009).

We used two pre-treatment protocols for meiofauna
separation from samples collected in each beach. For
pre-treatment no. 1, meiofauna was extracted from

sand by washing the sample with isotonic MgCl,
solution and decanted by hand through 500 pm and
45 pm sieves before preserving it in a conical tube
with absolute ethanol. For pre-treatment no. 2, meio-
fauna was floated with Ludox TM 50 (specific density
1.15 g/cm3, De Jonge & Bouwman, 1977), captured
on a 45 um mesh sieve, washed with distilled H,O,
and stored again with absolute ethanol at — 20°C.
Additionally, non-treated sand was preserved in
absolute ethanol for comparison to the pre-treatments.
All samples were centrifuged to eliminate the ethanol
and well homogenized using a mortar and a pestle
before DNA extraction.

DNA extraction and metabarcoding

We performed DNA extractions using the Qiagen
DNeasy PowerSoil Kit (Qiagen, Germantown, Mary-
land, USA) following the manufacturer’s protocol,
which has been recommended in other meiofauna and
metabarcoding studies using marine sediments (Ather-
thon & Jondelius, 2020; Pearman et al., 2020; Vand
der Loos & Nijland, 2020). We processed one DNA
extraction negative control of sterile water only
alongside our extracts to control for contamination
introduced at the extraction stage. We quantified DNA
in each extract with a Qubit fluorometer (dAsSDNA HS
Assay Kit, Invitrogen, Life Technologies, Carlsbad,
California, USA) prior to PCR amplification.

We selected the COI and I8S genes to examine
meiofauna composition of our samples. We used the
mlICOlintF  primer (5~ GGWACWGGWT-
GAACWGTWTAYCCYCC-3') introduced by Leray
et al. (2013) and the LoboR1 primer (5'- TAAA-
CYTCWGGRTGWCCVRAARAAYCA-3') by Lobo
et al. (2013), which amplify an average 313 base pair
(bp) region of the COI gene, and the SSU_FO4 (5'-
GCTTGTCTCAAAGATTAAGCC-3') and SSU_R22
(5’-GCCTGCTGCCTTCCTTGGA-3’) primers which
amplify a 360 bp of the V1-V2 regions of the nuclear
small subunit /8S rDNA (Creer et al., 2010; Fonseca
et al., 2010). As directed by Murray et al. (2015), to
test whether extracted DNA was free of PCR
inhibitors and to optimize the number of cycles for
amplification of each sample, we performed qPCR
reactions on each DNA sample with both primer sets.
We varied the input DNA concentration from undi-
luted to 1:2 and 1:4 dilutions with the expectation that
inhibited samples would exhibit better amplification if
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diluted. We observed the amplification curve cycle
thresholds to determine the sample-specific number of
PCR cycles that would avoid overamplification. gPCR
reactions were conducted in 25 pl volumes containing
12.5 pl Qiagen Multiplex PCR Mastermix (Qiagen,
Germantown, MA, USA); 2 uM of each forward and
reverse metabarcoding primer; SYBR green I Dye
(1:2000 dilution; Thermo Fisher, Waltham, MS, USA)
and 2 pl of DNA extract. gPCR cycling parameters
included and initial activation at 95°C for 15 min,
followed by 40 cycles of a denaturation step at 94°C
for 30 s, an annealing step at 59°C for CO! and 58°C
for 78S for 30 s and an extension at 72°C for 1 min.

We prepared metabarcoding libraries using a ‘two-
step’ amplification protocol (described in Nichols
et al., 2018) where first a metabarcoding PCR was
performed with metabarcoding primers that included
TRUSEQ primers, followed by an indexing PCR to
incorporate unique dual indexes and Illumina adap-
ters. We performed three technical PCR replicates per
sample per primer, and processed PCR negative
controls to enable assessment of contamination intro-
duced during library preparation. We conducted each
reaction in 25 pl volumes containing 12.5 pl Qiagen
Multiplex 2 x Mastermix; 2 pM of each forward and
reverse metabarcoding primer and 2 pl of undiluted
DNA extract. The reaction conditions for PCR
included an initial denaturation step at 95°C for
15 min followed by 20-40 cycles (depending on
gPCR for each sample) of denaturation at 94°C for
30 s, annealing at 59°C for COI and 58°C for 18S for
90 s, and extension at 72°C for 60 s. A final extension
at 72°C was performed for 5 min. We cleaned the
PCRs using Sera-mag Speed Beads (GE Healthcare
Sciences, Marlborough, Mass.) at a 2:1 beads to
sample ratio.

In the second amplification step, we conducted
reactions in 25 pl volume containing 12.5 pl 2X Kapa
HiFi HotStart ReadyMix (Kapa Biosystems, Wilm-
ington, Massachusetts, USA); 1 pl (10 pM) of both
unique forward and reverse indices and 5 pl of
undiluted cleaned metabarcoding PCR product. PCR
conditions were an initial denaturation step at 98°C for
3 min followed by 8 cycles of denaturation at 98°C for
20 s, annealing at 65°C for 30 s, and extension at 72°C
for 40 s. A final extension at 72°C was performed for
2 min. We cleaned the indexing PCR products using
Sera-mag Speed Beads as described above and
quantified each with the Qubit HS Assay Kit
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(Thermofisher Scientific, 346 Massachusetts, USA).
We then pooled samples at an equimolar concentration
and sequenced them at the University of California
Santa Cruz Paleogenomics Lab on an Illumina
NextSeq instrument with a V3 2 x 150 bp Kkit,
targeting a sequencing depth of minimum 20,000
paired reads per sample. Negative controls were
sequenced to the same depth.

Bioinformatic and statistical analyses

We performed demultiplexing and FASTQ file gen-
eration using the Illumina HiSeq control software. We
then filtered the data and assigned reads to taxa using
the Anacapa Toolkit (Curd et al., 2019) (https://github.
com/limey-bean/Anacapa) with default settings, and
with custom CRUX reference databases made in
October 2019 for COI and 18S VI-V2 loci. These
reference databases are available in the Zenodo link.
Data QC and filtering followed Anacapa default set-
tings in Curd et al. Taxonomy assignment also fol-
lowed default settings; in brief, we assigned amplicon
sequence variants (ASVs) using Bowtie 2 (Langmead
& Salzberg, 2012) for alignment and then the mini-
mum Bayesian Least Common Ancestor Bootstrap
Confidence Count (BLCA BCC; Gao et al., 2017) of
90 to determine the appropriate taxonomic classifica-
tion levels. The resulting tables of read counts per
taxon were decontaminated by removing taxa that had
higher prevalence in the negative controls compared to
samples based on a score statistic P > 0.1 (Decontam
package; Davis et al., 2018), removing taxa with 5 or
fewer total reads, and selecting only the taxa with
reads in at least two out of the three PCR replicates.
We converted the decontaminated ASV tables into
phyloseq objects (McMurdie & Holmes, 2013) using
Ranacapa (Kandlikar et al., 2018) in R 3.3.1. We
visually summarized taxonomic diversity with flourish
(https://flourish.studio). We generated rarefaction
curves in phyloseq using 1000 read intervals, and
taxon accumulation curves using iNext (Hsieh et al.,
2016), and plotted both with ggplot2. We subsequently
rarified the taxonomy tables for select analyses where
we needed to accommodate differences in sequencing
depth across samples that may affect estimates of
diversity and community similarity. We chose to rar-
efy to the number of sequences present in the sample
with the lowest number of sequences, because at this
level the taxon gain had surpassed the linear growth
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phase of both rarefaction and taxon accumulation
curves (shown in Results). We used rarefied tables to
calculate alpha diversity (Observed, Shannon, Chaol,
Simpson) in phyloseq. To test whether the differences
in diversity were statistically significant, we per-
formed Kruskal-Wallis tests and post hoc Dunn tests
comparing each group against another. Benjamini
Hochberg P value adjustment was used with the Dunn
tests (Benjamini & Hochberg, 1995). We also per-
formed mixed model ANOV As to look for interactions
between locality and technique using the aov function
in R, which assumed fixed effects.

We tested Beta diversity (Jaccard and Bray—Curtis
dissimilarity) across sampling sites and among sam-
pling protocols, and plotted results in Principal
Coordinate Analysis (PCoA) ordinations. We tested
for statistical significance using ADONIS in vegan
(Oksanen, 2019) in R.

We computed log twofold differences in taxon
abundances between techniques by negative binomial
Wald tests using the R package DESeq2 (Love et al.,
2014), with Benjamini-Hochberg False Discovery Rate
correction using the R package MicrobiomeSeq (Ssek-
agiri et al., 2018). For all alpha and beta diversity plotting
as well as DESeq?2 plotting, we used ggplot2 (Wickham,
2016). We repeated all statistical analyses with ASV
tables including only metazoan meiofaunal groups.

Analysis of species found

We performed a detailed analysis of the species found
by searching if they had been reported in databases such
as World Register of Marine Species (Worms—marine-
species.org) and if they had been reported in Colombia
or nearby countries, using the Global Biodiversity
Information Facility database (gbif.org). We also
aligned 50 unique amplicon sequence variants (or fewer
in cases where 50 sequences were not available) from
each of the species identified in our final taxonomy
tables using the BLASTn algorithm against the full non-
redundant nucleotide database on NCBI.

Results
Raw sequencing results and ASVs generation

We sequenced a total of 2,164,008 raw reads of the
18S locus and 2,238,690 raw reads of the COI locus.

Of these, 773,312 for /8S and 678,504 for 18S were
assigned to a taxon prior to decontamination, not
including controls, and 711,237 for /8S and 414,053
for 18S were assigned after decontamination. After
decontamination, the average number of reads per
sample for 78S was 20,321 (max 41,769; min 5430),
and 11,227 for COI (max 21,212; min 3,735). Raw
taxonomy tables had a total of 1849 taxa for /8S and
685 taxa for COI. After decontamination, this number
was reduced to 362 taxa for /8S and 152 for COI.
Metazoan taxa made up 54% of 18S results and 68% of
COI results (Fig. 1, Online Resource 1).

Total observed diversity in /8S and CO/

Metazoan taxa recovered spanned 12 phyla in /8S and
11 phyla in COI datasets. The taxonomic assignments
largely fell into five dominant distinct metazoan
groups, the Annelida (19.35% of 18S metazoan taxa,
also 19.35% of COI metazoan taxa), Nematoda
(17.42% of 18S metazoan taxa, 3.22% of COI
metazoan taxa), Arthropoda (12.9% of 18S metazoan
taxa, 12.9% of COI metazoan taxa), Mollusca (9.67%
of 18S metazoan taxa, 29% of COI metazoan taxa),
and Platyhelminthes (15.48% of 18S metazoan taxa,
6.45% of COI metazoan taxa) (Fig. 1A, B). Annelida
and Nematoda were the most taxon rich phyla
identified using /8S, while Arthropoda and Annelida
were the most taxa-rich phyla identified using COI
(Fig. 1).

The meiofauna detected include 126 taxa for the
18S metabarcode and 36 taxa for the COI metabar-
code, shown in full taxonomic resolution in Online
Resource 1 and summarized within phyla in Table 1.
The annelids mainly were composed of Polychaeta, in
the order and/or families Capitellida, Protodriliidae,
Saccocirridae, Neriliidae, Eunicida, Phyllodocida,
Spionida and Terebellida. Within the arthropods, the
most abundant taxa were Copepoda, represented by
the orders Cyclopoida, Harpacticoida and Siphonos-
tomatoida. Within the arthropods, Trombidiformes
(Halacaridae), Ostracoda and Malacostraca were
common. Within the Chordata, we exclusively found
tunicates (Stolidobranchia). Within the nematodes, the
Chromadorea, comprised of the orders Araeolaimida,
Chromadorida, Desmodorida and Monhysterida, and
the Enoplea, comprised of the Enoplida, were most
common. The Platyhelminthes were mainly repre-
sented by the Rhabditophora with the orders
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Fig. 1 Combined metabarcoding taxonomic overview of observed taxa across samples from all sites and collection strategy with the
18S (A) and COI (B) metabarcodes. Pie charts break down phyla within Animalia

Macrostomida, Proseriata, and Rhabdocoela (Table 1;
Online Resource 1).

Meiofauna diversity, abundance and composition
analyses

We observed differences in taxon abundance between
the three pre-extraction treatments (untreated sand,
and MgCl, and Ludox pre-preatments) and per locality
(Fig. 2, Online Resources 2 and 3). Rarefaction curves
began to asymptote at 3000-5000 reads for /8S
and ~ 2000 reads for COI (Online Resource 4),
which were prior to extrapolation points of taxon
accumulation curves (Online Resource 5 and 6). We
chose to rarefy at a read depth of 5000 reads for /8S
and 3000 reads for COI, which were close to the
minimum reads recovered in any sample. Barplots
revealed consistency in observed relative abundance
of taxa between replicates for each site and sampling
technique. Annelida was the most abundant phylum in
most of the filtered samples processed either with
MgCl, or Ludox, but it was not well-recovered in the
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non-treated sand samples. On the other hand, groups
like Gastrotrichia were regularly recovered in non-
treated sand samples.

In DESeq2 analyses using rarefied data, we
detected significant differences in taxa abundances at
the genus level between pairwise comparisons of sand,
MgCl, and Ludox techniques. 89 taxa in the I8S
results exhibited treatment-specific abundances, with
47 of those being meiofauna. 22 taxa in COI results
exhibited treatment-specific abundances, with 9 of
those being meiofauna (Online Resource 7). In these
pairwise comparisons of treatment, MgCl, or Ludox
most frequently had overrepresented meiofauna taxa
relative to sand, while more genera are underrepre-
sented in MgCl, relative to Ludox (Fig. 2, Online
Resources 7 and 8).

Alpha diversity estimators (Observed, Shannon,
Chaol, Simpson) gave different relative diversity
among treatment groups, with Observed and Shannon
being most often in disagreement. Both the /8S total
metabarcode results (abbreviated as ‘All’) and 78S
meiofauna-only results showed significant differences
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Table 1 Meiofauna community composition at all locations surveyed

Phylum Class Order or family Santa Marta Rodadero Monoguaca Sisguaca
Annelida Polychaeta Capitellida 42 309 153 64
Protodrilidae 2811 5728 1367 4635
Saccocirridae 7000 12567
Neriliidae 103
Eunicida 62 265
Phyllodocida 18230 7004 56033 3008
Spionida 22 23 103 12
Terebellida 13
Clitellata Enchytraeida 437
Haplotaxida 34 4069 1969
Arthropoda Arachnida Trombidiformes 44 1435 305
Hexanauplia Cyclopoida 1532 87 349
Harpacticoida 155 26 142 86
Siphonostomatoida 733 10 304 171
Malacostraca Decapoda 15
Ostracoda Podocopida 1792 38 1161
Chordata Ascidiacea Stolidobranchia 25 30 26 30
Platyhelminthes Hydrozoa Anthoathecata
Rhabditophora 926 237 151 412
Macrostomida 103 396 97
Proseriata 5093 3648 16079 5791
Rhabdocoela 811 2698 706 22203
Echinodermata Echinoidea 35
Mollusca Gastropoda 20 240 3877
Bivalvia Myoida 87
Veneroida 81
Nemertea Enopla 171 89 17172
Monostilifera 11 80 34 6904
Palaconemertea 3084 2832 1916
Pilidiophora Heteronemertea 15
Nematoda Chromadorea Araeolaimida 3283 2417
Chromadorida 517 189 210
Desmodorida 3325 257 945 3838
Monhysterida 62 1902 111 211
Rhabditida 62 42
Enoplea Enoplida 5643 796 11468 7291
Gastrotricha Chaetonotida 1031 8287 5901 2232
Macrodasyida 8294 2284 135
Tardigrada Heterotardigrada Echniscoidea 55 97 16
Xenacoelomorpha Acoela 166 27
Haploposthiidae 726
Convolutidae 183 127
Otocelididae 40
Paratomellidae 1334
Isodiametridae 108
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Table 1 continued

Phylum Class Order or family

Santa Marta Rodadero Monoguaca Sisguaca

Cnidaria Hydrozoa

Anthoathecata

11
150

Numbers indicate the total number of reads for the /8S metabarcode, which was the metabarcode that produced the best results

among choice of sampling protocol [Kruskal-Wallis
(Shannon) [8S All/meiofauna-only, P = 0.0395/
0.0000107; Kruskal-Wallis (Observed) /8S All/meio-
fauna-only, P = 0.0000047/0.000094]. Post hoc tests
revealed significant differences in alpha diversity
between MgCl, and sand and between Ludox and
sand, but not between MgCl, and Ludox (Online
Resource 9). With the COI All dataset we found
significant differences among sampling treatments;
however, we did not with the COI meiofauna dataset
[Kruskal-Wallis (Shannon) CO/ All/meiofauna-only,
P = 0.0281/0.5; Kruskal-Wallis (Observed) COI All/
meiofauna-only, P = 0.0004/0.96]. Sand samples fre-
quently had the highest alpha diversity in both 78S All
and COIl All results, while MgCl, and Ludox
techniques exceeded sand alpha diversity in the
Meiofauna only results (Fig. 3).

Our comparison of the four beaches, which required
summation of all rarefied metabarcoding data from all
three sample treatments, showed few differences in
alpha diversity. Only the Shannon and Simpson tests
use /8S .All data exhibited significant differences
among the beaches (Kruskal-Wallis, P < 0.01). No
significant differences in alpha diversity were found
among the beach localities when only meiofauna
results were analyzed (Fig. 3, Online Resource 9).

Beta diversity, on the other hand, was found to
differ by technique as well as by locality (Online
Resource 10). We found interaction effects between
technique and locality with weak explanatory values
(R*=041 185 All, R*=0.44 185 meiofauna,
R*=0.39 COI All and R* =0.35 COI meiofauna
results). PCoA revealed only some samples from the
same locality cluster together in the /&S results when
they were prepared with different sampling tech-
niques. In CO1 results, all samples processed using the
sand direct extraction technique clustered together,
and samples from the other techniques spread out in
the ordination (Fig. 4).
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Molecular identifications at the species level

Concerning meiofauna, we could maximally resolve
24 meiofaunal taxa to genus and 34 meiofaunal taxa to
species (Table 2). Taxonomic data from the World
Register of Marine Species could be retrieved for all of
them. Only 5 of these species have been reported in
Colombia, while 17 of the species have been reported
within the Caribbean or nearby countries (Table 2).
BLAST queries of sequences from each of the 34
species-level identifications in Table 2 provide leads
of unsequenced taxa (Online Resource 11). At the time
of query (May 2020), 14 of the 22 species-level taxa
reported in Colombia or nearby countries were
strongly supported to be accurately assigned, while 7
additional taxa were not found to have a true match in
Genbank suggesting these may be new or unsequenced
species. Then, of the 12 species-level taxa that have
not been previously reported in this region, only 2
were supported to be accurately assigned, 8 were
confirmed by BLAST to be best relative matches but
unlikely to be true species matches because sequence
similarity was low (< 97%), and 2 could be affirma-
tively revised to a taxon at the genus level. This
suggests many of our taxa may represent undescribed
species or unsequenced species related to our tentative
assignments at the genus, family, or order levels, as
some top sequence similarities were < 92%, which
we interpreted to be potential leads for species
discovery that would improve reference databases.

Comparisons with previous morphology-based
Annelida studies in the area

We made an attempt to compare our metabarcoding
results with Lagos et al. (2018) results on the diversity
of interstitial annelids in the Caribbean coasts of
Colombia, which include Santa Marta and Rodadero
beaches. Only Annelida was compared because this is
the only study available for the same area. We found
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Fig. 2 Select taxonomic profiles represented in A Barplots
showing relative abundance of the top 21 taxonomic lineages,
sorted by the different locations and including local contribution
to beta diversity circles sized by the proportion of unique taxa in
a sample compared to the rest of the samples in its locality;
B heatmaps of taxa labeled by their phylum (y-axis), with
samples plotted on the x-axis and labeled according to their

sample processing technique; and C DESeq2 plots obtained
using the meiofauna datasets with the /8S and COI metabar-
codes. In these, several genera occurring in different phyla are
frequently underrepresented in MgCl, compared to Ludox (top),
overrepresented in MgCl, compared to Sand (middle), and
underrepresented in Sand compared to Ludox (bottom). Only
genera with significantly different abundance were plotted
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Likewise, locality also was not consistently ranked in alpha
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Fig. 4 Principal component analysis (PCoA) plots of samples
(left) and present taxa (right) using Jaccard distance ordination,
with colors and shapes indicating location and technique. Plots

high congruence using the /8S primers, as all the
families and most of the genera were recovered
(Table 3). Only one genus reported by Lagos et al.
(2018) was missing (Myrianida), despite being present
in our reference database. On the other hand, the CO1I
only recovered 40% of the families reported by Lagos
(2018), even though there were COI sequences from
these families in the reference database. Most of the
species reported by Lagos et al. (2018) lack 18S or
COIl sequences, thus, we were not able to test the
reliability of the metabarcoding technique in detecting
taxa at the species-level (Table 3).

Discussion

Despite that Colombia has been ranked as the first
country in terms of species richness for some taxa

shown are based on the meiofauna tables generated with /8S
(A and B) and CO! (C and D)

(Arbelaez-Cortés, 2013), little is known about the
structure and dynamics of meiofauna communities in
the country, with few studies available for the
Colombian Caribbean (Hummon, 1974; Lorenzen,
1976a, b; Bartsch, 1996; Osorio-Dualiby & Alvarez-
Leon, 2011; Lagos et al., 2018). Some of the
challenges associated with the study of meiofauna
include difficulties in collecting, handling, and iden-
tifying species (Giere, 2009; Somerfield & Warwick,
2013; George, 2013; Zeppilli et al., 2015; Kitahashi
et al., 2020). Due to these difficulties, metabarcoding
approaches could be implemented as an efficient way
to complement these other biodiversity inventories.
In this study of Colombian intertidal sediments,
Annelida and Nematoda were the most taxonomically
rich phyla identified using /8S, while Arthropoda and
Annelida were the most taxonomically rich phyla
identified using COI. Other benthic metabarcoding
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Table 2 continued

83

NCBI-
ID

ID

gbif.org GBIF-ID WoRMS-

SM R M S

Species

Order or Family

Class

Phylum

Springer

114426 233111

2254933

v
X

Aspidiophorus sp.

Chaetonotida

Gastrotrichia

1312458 1598081

10161971

v

Cephalodasys mahoaeYamauchi & Kajihara,

Macrodasyida

2018
Macrodasys sp.

241703

114451
378236
158314
158303
142705

2255269
4351177
2498797
2498886
2499139

%4

1132641
188030
188044
188050

v
v
X
X

%4

v

Anandrodasys agadasys (Hochberg, 2003)

Praeconvoluta tigrina Hooge & Tyler, 2003
Otocelis sandara Hooge & Tyler, 2003

Paratomella unichaeta Dorjes, 1966

Convolutidae
Otocelididae

Acoela

Xenacoelomorpha

Paratomellidae

One tick indicates the species has been reported within the Caribbean or nearby countries, two ticks indicate the species has been reported in Colombia. A “*” indicates species

recovered with the COI metabarcode. Bold denotes this species is well supported by BLAST results (>99% similarity). Underlined denotes this is the best assignment currently

possible but the true species is not in Genbank based on low similarity in BLAST results. Renamed species assignments (e.g name, after BLAST) are based on BLAST results.

Details in online resource 11. SM (Santa Marta), R (Rodadero), M (Monoguaca), S (Sisiguaca)

studies based on the Operational Taxonomic Unit
(OTU) diversity of the 18S region found the richest
phyla varied: top phyla were Nematoda and Platy-
helminthes in Fonseca et al. (2010, 2014), Faria et al.
2018; Atherton & Jondelius (2020) and Fais et al.
(2020). Annelida and Arthropoda were top in Haenel
et al. (2017) and Fonseca et al. (2017). Nematoda and
Annelida were top in Bik et al. (2012a, b) and
Brannock & Halanych (2015). Nematoda and Arthro-
poda were top in Lallias et al. (2015), Martinez et al.
(2015), Klunder et al. (2019) and Kitahashi et al.
(2020). Differences might be related to the type of
sediment sampled, as some the cited studies included
mud, gravel (Faria et al., 2018) or coarse shell sand
(Haenel et al., 2017). Others also sampled at different
depths (Bik et al., 2012a, b; Brannock & Halanych,
2015; Fonseca et al., 2017; Kitahashi et al., 2020;
Martinez et al., 2015).

On the other hand, Haenel et al. (2017), using CO1,
also found Annelida, Arthropoda and Mollusca were
the most abundant OTUs, and recovered 0% of
Nematoda OTUs using COI. We only recovered 3%
Nematoda of our total metazoan taxa using COI
metabarcoding, even though several studies demon-
strate that Nematoda is one of the most abundant phyla
in sandy beaches (Maria et al., 2016; Fonseca et al.,
2017). One reason we may be underestimating
Nematoda richness using COI is low diagnostic
capacity, as is evident from other studies showing
the COI barcode is not adequate for molecular
taxonomic identification purposes in nematodes
(Blouin et al., 1998; Blouin, 2000), due to the lack
of universal CO/ primer sites within this group (Creer
et al., 2010; Weigand & Macher, 2018).

Although we recovered many more meiofaunal
taxa using the /8S metabarcode, the COI metabarcode
recovered 5 unique species, corroborating that the
integration of multiple barcoding primers is important
to ensure better estimates of phylogenetic biodiversity
(Zhang et al., 2018). Atherton & Jondelius (2020) also
found that fewer meiofauna species DNA signatures
were obtained using COI/ compared to /8S. The
authors found a high proportion of unassigned COI
OTUs determined to stem from incompleteness of
their COI reference sequences. Although the COI
locus remains the most common DNA marker for
animals, they also argued there are gaps within
Metazoa, especially in understudied taxa, and NCBI
Genbank still lacks CO/ references for several major
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Table 3 Comparison of Lagos et al. (2018) results with our metabarcoding results

Family Genus Species 188 col Metabarcoding  Metabarcoding
Genbank Genbank /8§ Ccol
Hesionidae v v v X
Hesionides
Hesionides gohari Hartmann- X X X X
Schroder, 1960
Microphthalmus X X X X
Microphthalmus cf. mahensis
Westheide, 2013
Neogyptis v v v X
Neogyptis mediterranea (Pleijel, v X X
1993)
Nerillidae
Nerilla v v v X
Nerilla cf. mediterranea Schlieper,
1925
Protodrilidae
Protodrilus v v v v
Protodrilus cf. smithsoni Di v v v X
Domenico, Jorger, Norenburg &
Worsaae, 2013
Saccocirridae v v v X
Pharyingocirrus
Pharyingocirrus cf. gabriellae
Czerniavsky, 1881
Syllidae v v 4 v
Myrianida v v X X
Mpyrianida sp.
Neopetitia X X X X
Neopetitia amphophthalma (Siewing,
1956)
Westheidesyllis X X X X
Westheidesyllis gesae (Perkins, 1981)
Syllis X X X X

Syllis beneliahuae(Campoy, 1982)

marine invertebrate taxa (Curry et al., 2018). This
agrees with Van der Loos et al. (2020) literature
survey, who showed that when only benthic meio-
fauna were targeted, /8S was the marker researchers
most frequently chose. When they looked at all the
studies using metabarcoding on marine communities,
only 28% of all studies used a CO! fragment, whereas
59% targeted the nuclear /8S marker. Although others
have suggested that the use of COI for eDNA surveys
could provide more accurate estimates of species

richness than 78S (Tang et al., 2012), because of these
many mentioned limitations in COI assays, we
support that CO1 be continuously used in conjunction
with other metabarcodes.

Our results suggest that general biodiversity meio-
fauna studies could be biased by the sampling
technique chosen. In this study we used two pre-
treatment approaches recommended for the recovery
of meiofauna DNA from sand, and compared this to a
direct extraction approach (no pre-treatment) from
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sand sediment. Although MgCl, and Ludox pre-
treatment techniques recovered, as expected, more
taxa and meiofauna species than the untreated sand,
the untreated approach excelled at recovering some
groups, such as gastrotrichs (Fig. 2). The gregarious
distribution of many species of gastrotrichs, added to
the presence of adhesive organs such as glands and
tubes that allow the adhesion of these organisms to
sandy sediments (Todaro et al., 2019; Balsamo et al.,
2020), possibly contributed to an adequate and even
better recovery of the gastrotrichs in sand samples
without further separation treatments. This result
corroborates that multiple sample techniques together
can broaden surveys.

We found differences in alpha diversity among
beach localities using the /8S All results, and weak
differences in beta diversity among localities both
with the /8S and the COI results. A higher number of
total taxa and meiofauna taxa were generally recov-
ered in the Sisiguaca samples than in the other
samples, followed by Santa Marta, Monoguaca, and
Rodadero. Changes in the composition and abundance
of meiofauna taxa between beaches may be due to
trampling by tourism (Martinez et al., 2020). Two of
the beaches included in this study are very touristic
beaches (Rodadero and Santa Marta). Monoguaca is
less frequented by tourists, and Sisiguaca receives
very few visitors of any kind. Negative effects of
tourism were suggested by Gheskiere et al., (2005),
who demonstrated, by comparing high taxonomic
level meiobenthic composition and nematode assem-
blages between tourist and non-tourist beaches, that
tourism-related activities contribute to higher com-
munity stress, lower taxonomic range, and lower
species diversity assemblages when compared to
nearby pristine locations (Gheskiere et al., 2005).
Martinez et al. (2015) assessed the impact of tourism
on meiofauna including metabarcoding techniques.
According to them, even after considering possible
confounding effects such as grain size, there was a
negative correlation between meiofauna richness and
number of tourists. Future studies should also consider
other physical and chemical variables such as grain
size, temperature, salinity and dissolved oxygen, as
well as habitat characteristics, as meiofauna diversity
might also be influenced by all these factors (Giere,
2019).

Comparing our results to published morphological
reports including the same beaches, we found that only

@ Springer

one genus reported by Lagos et al. (2018) was missing
in our results (Myrianida), although it was present in
our reference database. This could be a result of
community turnover among the survey dates as marine
coastal communities have been shown to shift in
composition over seasons and reproductive cycles
(Yin et al., 2017; Srichandan et al., 2019). This also
could explain why strict meiofaunal groups such as
Gnathostomulida, Kinorhyncha and Loricifera were
not recovered. Other reasons for not finding them
could, however, be related to their preferred associ-
ation to other habitats, such as sand enriched with
organic detritus for Gnathostomulida (Sterrer, 1998),
muddy sediments for Kinorhyncha (Sorensen &
Pardos, 2008), or coarse sediments and subtidal
habitats for Loricifera (Pardo & Kristensen, 2013).
Future studies should consider sampling these beaches
in different seasons of the year, and sampling diverse
substrates, if trying to characterize the whole diversity
associated with the area.

58% of the taxa we recovered through 78S and CO!
metabarcoding were resolved only to family or higher
levels, while only 20% were assigned to genus and
22% were fully resolved to the species level. This
highlights the necessity of further studies combining
morphological, barcoding and metabarcoding
approaches, as these have become interdependent to
fully inventory the phylogenetic breadth of the meio-
fauna. Metabarcoding largely depends on the taxo-
nomic diversity of sequences deposited in the
reference library. Molecular identifications at the
species level provided leads for new species occur-
rence in the area, following the community standard
that taxa sharing < 97% identities with voucher
specimen sequences might represent putative different
or even novel taxa (Lopez-Escard6 et al., 2018).
Atherton & Jondelius (2020) also showed evidence of
potential new species in their survey in well-studied
areas of Sweden, suggesting that the metabarcoding
technique could be informative in detecting new
meiofaunal biodiversity, even in those areas where
these taxa can be considered well documented.

Conclusion
Our study suggests that the /8S metabarcode recovers

more meiofauna taxa than COI. However, some
meiofauna species were only recovered with COI,
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corroborating that use of multiple markers improves
estimates of biodiversity. We also found that using
specific pre-treatment separation techniques improved
recovery of meiofauna species, but are not sufficient to
replace direct extraction of untreated sediment. This
result suggests that eEDNA-metabarcoding catalogs of
meiofauna taxa should employ a variety of treatments.
We suggest taking these results into consideration
when planning diversity eDNA-metabarcoding stud-
ies in general, because the effects of treatment on
recovery of different clades remain poorly cataloged.

Comparison of our results to the Lagos et al. (2018)
report for Annelids indicate that the /8S metabarcod-
ing technique is reliable in this particular group.
However, it is essential to continue with morpholog-
ical and barcoding studies in the geographic region, as
the availability of the sequences is extremely impor-
tant to ensure the success of future metabarcoding
studies.

Ours is one of the few meiofauna studies of the
Colombian Caribbean and the first one to use
metabarcoding techniques. Our results not only sug-
gest that this technique is useful to detect novel or yet
unreported species, but also that the approach is a fast
and useful monitoring tool for future biodiversity and
environmental studies.
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