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Marine organisms belonging to meiofauna (size range: 20–500 μm) are amongst the most abundant and highly
diversifiedmetazoans on Earth including 22 over 35 known animal Phyla and accounting formore than 2/3 of the
abundance ofmetazoanorganisms. In anymarine system,meiofauna play a key role in the functioning of the food
webs and sustain important ecological processes. Estimates of meiofaunal biodiversity have been so far almost
exclusively based on morphological analyses, but the very small size of these organisms and, in some
cases, the insufficient morphological distinctive features limit considerably the census of the biodiversity of
this component. Molecular approaches recently applied also to small invertebrates (including meiofauna) can
offer a new momentum for the census of meiofaunal biodiversity. Here, we provide an overview on the
application of metagenetic approaches based on the use of next generation sequencing platforms to study
meiofaunal biodiversity, with a special focus on marine nematodes. Our overview shows that, although such
approaches can represent a useful tool for the census of meiofaunal biodiversity, there are still different
shortcomings and pitfalls that prevent their extensive use without the support of the classical taxonomic
identification. Future investigations are needed to address these problems and to provide a goodmatch between
the contrasting findings emerging from classical taxonomic and molecular/bioinformatic tools.

© 2015 Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Box 1
The problem of cryptic species.

Although marine nematodes have low dispersal abilities, studies
performed so far demonstrated that most of the species are
cosmopolitan, being characterized by widespread distribution
(Decraemer et al., 2001; Lambshead and Boucher, 2003). This
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1. Introduction

1.1. Meiofauna in marine ecosystems

The importance of estimating species richness in both terrestrial and
marine environments is still a priority in several research fields, from
ecology to evolutionary and conservation biology (Gaston, 2009). Spa-
tial patterns of biodiversity have been primarily focused on large (mac-
roscopic) organisms (Gaston, 2000; Tittensor et al., 2010) rather than
on small-sized organisms, which include the majority of animal phyla
represented in the poly-phyletic group of meiofauna (Lambshead and
Boucher, 2003; Giere, 2009). Meiofauna are defined on the basis of
body size as organisms passing through 500 μmmesh net and retained
by a 20 μmmesh net (Giere, 2009). Metazoanmeiofauna arewidely dis-
tributed in all benthic habitats/ecosystems of the world oceans, and in-
clude also a variety of parasitic forms. Meiofaunal organisms represent
the numerically dominant component amongst benthic metazoans in
all marine systems, from intertidal beaches down to the ocean floor,
and colonize all substrates from muds to the coarsest shell gravels and
rocks (Danovaro and Fraschetti, 2002; Giere, 2009). Meiofaunal assem-
blages are dominated by nematodes, which in benthic deep-sea ecosys-
tems (the largest biome of the biosphere) represent more than 90% of
the total meiofaunal abundance (Lambshead and Boucher, 2003;
Lambshead, 2004). Meiofauna are characterized by high abundances
(up to 106 individuals per m2) and high diversity either at the level of
higher taxa or at the genus/species level (Giere, 2009; Curini-Galletti
et al., 2012). Meiofaunal organisms show a high sensitivity to environ-
mental changes and are increasingly used also in monitoring studies
for the assessment of environmental quality (Coull and Chandler,
1992; Moreno et al., 2011; Pusceddu et al., 2011). They are also impor-
tant as a functional link between macrofauna and microbial assem-
blages and are thus considered a suitable model for the study of
species distribution and biodiversity patterns in marine environments
(Snelgrove, 1999; Danovaro et al., 2001, 2008).
Table 1
Estimates of known and unknown marine meiofaunal species. The data reported are:
number of currently described and taxonomically accepted species, total species unknown
(undescribed + undiscovered based on expert opinions), total estimated number
of species based on expert-opinion, estimated percent of all existing species that are
currently described (% known).
Data from Appeltans et al., 2012.

Described
(accepted)

Total unknown
(experts)

Total
estimated

%
Known

Gastropoda 32,000–40,000 85,000–105,000 No data 23–32
Polychaeta 12,632 6320 No data 67
Platyhelminthes 11,690 23,606–61,751 35,296–73,441 16–33
Copepoda 10,000 30,125–50,125 No data 17–25
Ostracoda 8853 2625–34,000 No data 21–77
Amphipoda 6947 20,000 No data 26
Nematoda
(free-living)

6900 50,000 No data 12

Isopoda 6345 63,400–123,400 No data 5–9
Foraminifera 6000 1500 No data 80
Hydrozoa 3426 1550–4100 4976–7526 46–69
Cumacea 1444 6045 No data 19
Nemertea 1285 700–1400 1985–2685 48–65
Acarina 1218 1470–2130 No data 36–45
Tanaidacea 1130 23,500–57,400 No data 2–5
Oligochaeta 910 5900–16,900 No data 5–13
Gastrotricha 434 1810–2810 2244–3244 13–19
Kinorhyncha 228 1250–2350 No data 9–15
Entoprocta 193 1030 1223 16
Tardigrada 183 1120 1303 14
Sipuncula 150 43–230 193–380 39–78
Rotifera 114 320–2520 434–2634 4–26
Loricifera 32 1123 No data 3
Priapulida 19 No data No data No data
1.2. Classical taxonomic vs molecular approaches

Amajor bottleneck inmeiofaunal taxonomy is related to the analysis
of distinctive morphological characters by using light microscopy.
Amongst meiofaunal organisms, marine free-living nematodes are ex-
pected to have a high species richness, whose estimate ranges from ca.
61,000 species to N100,000 species (based on expert evaluation), but
so far only 11,400 species (including either parasitic or free-living
forms) have been fully described and formally taxonomically accepted
(Appeltans et al., 2012). Possibly more than 80% of marine free-living
nematode species remain to be discovered and characterized
(Appeltans et al., 2012; Table 1). Meiofaunal diversity is so large that
the analysis of a single Phylum, such as Nematoda, requires huge invest-
ments of time of highly specialized personnel. As an example, the mor-
phological identification of 10% of nematodes encountered in a sample
requires an effort 120 times higher than that requested to successfully
identify all vertebrate morphospecies in tropical forests (Lawton et al.,
1998). However, the analysis of meiofaunal diversity is not just time-
consuming and laborious, but most importantly does not allow the
identification of closely related (similar) species (Box 1; Derycke et al.,
2005, 2008a; Bhadury et al., 2008; Fontaneto et al., 2009; Creer et al.,
2010). During the last years, DNA-based approaches for species identifi-
cation based on distances (e.g., DNA barcoding and Automatic barcode
concept is known as “meiofauna-paradox”, but relies exclusively
on a classically oriented concept of species coming frommorpho-
logical identification, which unlikely allows us to identify geneti-
cally closely related species (Ristau et al., 2013). Therefore, it
has been supposed that “meiofauna-paradox” could be explained
by the presence of cryptic species, organisms that are morpholog-
ically similar, but belong to genetically distinct species. Such
cryptic diversity occurs in a variety of metazoan taxa and biogeo-
graphical regions (Pfenninger and Schwenk, 2007) and seems to
be particularly relevant in the marine environment (Knowlton,
2000). Morphological similarity can be the result of strong
divergent selection on non-visual mating signals (Bickford et al.,
2007) or, alternatively, of ecological constraints, where adaptive
evolution favours similar phenotypes (Wellborn and Broughton,
2008). Whatever the speciation process, the knowledge of cryp-
tic diversity is crucial to better understand biogeographical and
ecological patterns of marine organisms (Bickford et al., 2007).
Indeed, the occurrence of cryptic species can transform what
was thought to be generalist species into several specialist spe-
cies with more restricted distributions (Giere, 1993; Vanelslander
et al., 2009). The presence of cryptic diversity has been reported
in nematodes belonging to different orders from freshwater habi-
tats (Ristau et al., 2013) to marine ecosystems (Derycke et al.,
2005, 2007, 2008a, 2010a). In the latter, cryptic diversity
appears in individuals with different life histories and from differ-
ent areas, suggesting that it could be a common phenomenon,
not correlated with life history traits. Since the number of cryptic
species amongst meiofaunal organisms is still largely unknown,
the application of Sanger chain-termination sequencing can make
light on biodiversity distributional patterns of marine meiofaunal
species.
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gap discovery), branching rates (e.g., K/θ, the generalized mixed Yule–
coalescentmodel and Poisson tree processmodel) and on heterozygosis
(haplowebs) have been widely applied to several meiofaunal groups
(including rotifers, copepods, gastrotrichs, ostracods, molluscs, nemer-
teans; Fontaneto et al., 2015). However, the use of these approaches
to delineate species boundaries has never been exhaustively performed
on nematodes.

In the last decade it has been proposed to use Sanger chain-
termination sequencing to identify marine nematodes (Rogers and
Lambshead, 2004; De Ley et al., 2005; Bhadury et al., 2006). This is be-
cause Sanger sequencing of nuclear and mitochondrial genes can
allow us also to study the cryptic diversity within marine nematode
morphospecies (Derycke et al., 2007; Meldal et al., 2007; Bhadury
et al., 2008). Recent genetic surveys (Derycke et al., 2005, 2008a,b;
Fonseca et al., 2008) revealed a significant population genetic structure
of species, which so far were considered single morphospecies (e.g., the
Rhabditis, Pellioditis marina and the Halomonhystera disjuncta species
complex; Derycke et al., 2005, 2007, 2008b). At the same time, themor-
phological identification remains a crucial step prior to molecular anal-
ysis, in particular when new barcodes have to be produced (Derycke
et al., 2010a).

Given the high abundance and diversity of meiofauna, standard
barcoding (based on Sanger sequencing) is not an ideal tool for investi-
gatingmeiofaunal biodiversity at large spatial scales. At the beginning of
2000s, the advent of high-throughput sequencing platforms, capable of
producinghundreds of thousands or evenmillions of sequences per run,
led to a revolution in the field of ecology. Indeed, the advent of en mass
molecular identification trough next generation sequencing (NGS) plat-
forms may significantly enhance our ability to assess meiofaunal biodi-
versity (Creer et al., 2010; Fonseca et al., 2010; Pawlowski et al., 2011;
Porazinska et al., 2010, 2012; Fonseca et al., 2014). “Metagenetics” or
“Metabarcoding” refer to large-scale analyses of biodiversity through
the amplification and sequencing of homologous genes (Creer et al.,
2010).

Herewe provide an overview ofmetageneticworkflowused to study
marinemeiofaunal biodiversity (Fig. 1), describing the differentmethod-
ological steps required, the outputs provided by high-throughput se-
quencing analyses and highlighting pitfalls associated with these
molecular approaches. In particular, a special focus is addressed to the
application of metabarcoding tomarine nematodes to assess their biodi-
versity from shallow-water to deep-sea ecosystems.

2. Methodological steps for assessing meiofaunal biodiversity
through molecular-based approaches

2.1. Sample preservation

After collection, sediment samples should be adequately preserved
to allow a propermorphological identification of the meiofaunal organ-
isms (i.e. by preserving the morphological characteristics) and, at the
same time, the recovery of DNA suitable for molecular analysis.

Sediment samples used for meiofaunal analysis by classical taxo-
nomic approach are commonly preserved using 4% buffered formalin
solution, which keeps the morphological structures of animals intact
(Heip et al., 1985). However, formalin (i.e., formaldehyde) promotes
the formation of DNA–formaldehyde complexes, cross-links between
DNA and proteins and DNA fragmentation (Gagna et al., 1997; Serth
et al., 2000), thus limiting the application of molecular analyses. Con-
versely, cryo- and ethanol preservation have proven to be more appro-
priate procedures for molecular studies (e.g., Seutin et al., 1991; Reiss
et al., 1995; Liu et al., 2001). However, cryopreservation is not easy to
manage when transportation is needed, whereas ethanol may dehy-
drate tissues and cause significant damage of anatomical features of an-
imals, hampering proper morphological identification (Castro and
Thomason, 1973). Recently, Fonseca and Fehlauer-Ale (2012) demon-
strated that a solution of dimethyl sulfoxide (DMSO), EDTA, and NaCl
salts, known as DESS (Yoder et al., 2006), can bemore effective for pre-
serving both morphological characteristics and DNA integrity in small
invertebrates, including meiofaunal specimens. DESS, indeed, inacti-
vates nucleases by a combination of osmotic shocks, followed by rapid
transportation of disodium EDTA and NaCl into tissues facilitated by
DMSO (Creer et al., 2010; Fonseca et al., 2010; Fonseca et al., 2014).

Besides formalin, Rose Bengal (a protein stain) is also used to facili-
tate the sorting of animals from the sediment grains (Heip et al., 1985).
However in case of molecular analyses, Rose Bengal should be avoided
as it inhibits the polymerization of DNA molecules during polymerase
chain reaction (PCR) analyses, thus hampering DNA amplification and
sequencing (Srivastava and Modak, 1983). Even though a plethora of
stains could be used, present knowledge on the impact of these stains
on PCR is still limited and from a conservative point of view it would
be recommended to avoid any use of stains (Fonseca and Fehlauer-
Ale, 2012).
2.2. DNA extraction

The recovery of DNA from meiofaunal organisms suitable for PCR
amplification represents the crucial step for the assessment of their bio-
diversity based on molecular approaches.

Two different approaches can be used to recover DNA from
meiofauna (Fontaneto et al., 2015). One approach is based on DNA ex-
traction from meiofaunal organisms, previously separated from sedi-
ment through a 20–30 μm mesh net. The filtration step is usually
followed by gradient centrifugation using Ludox (arranged to a final
density of ca 1.18 g cm−3; Heip et al., 1985). Alternatively, DNA can
be extracted from sediment samples without sorting the animals
(Creer et al., 2010; Fonseca et al., 2010, 2014). The first approach allows
us to link morphological information to each individual in a sample.
However, it can be time consuming when meiofaunal abundance is
very high and it could determine an under-representation of soft-
bodied organisms,which can be damagedduringmeiofaunal extraction.
The second approach is more powerful to efficiently detect rare species
and to study their distribution (Zhan and MacIsaac, 2015). However,
when meiofaunal abundance is low, a high amount of sediment has to
be processed, thus increasing the costs. An additional problem is related
to the presence of extracellular DNA in the sediment that can lead to an
overestimation of the actual meiofaunal biodiversity (Corinaldesi et al.,
2008, 2011). Since different DNA extraction approaches can result in
different estimates of biodiversity, this issue should be taken into ac-
count when results obtained from different DNA extraction procedures
are compared (Deiner et al., 2015).

Previous molecular investigations carried out on marine nematodes
have used different DNA extraction procedures (Floyd et al., 2002; De
Ley et al., 2005; Derycke et al., 2005; Bhadury et al., 2006, 2007, 2008,
2011; Bik et al., 2010; Creer et al., 2010; Fonseca et al., 2008, 2010,
2014). Some approaches were based on the use of an alkaline solution
(NaOH) and freezing–thawing steps (Floyd et al., 2002) and modifica-
tions (Bhadury et al., 2006, 2011); others were based on the use of
lysis buffer containing proteinase K followed (Bhadury et al., 2007,
2008) or not (De Ley et al., 2005; Derycke et al., 2005; Fonseca et al.,
2008) by DNA purification with commercial kits. So far, the perfor-
mance of these extraction procedures has never been compared, and
this hampers the identification of themost suitable protocol for DNA ex-
traction to be used for the analysis of meiofaunal biodiversity using
molecular-based approaches. Indeed, the PCR amplification efficiency
relies from one side on the amount of DNA template and from the
other from its purity (i.e. lack of inhibitors for polymerase reactions).
Thus, DNA extraction procedures have to be optimized in order
to obtain a sufficient amount of DNA and to remove compounds
(e.g., humic substances and/or metabolites) potentially inhibiting PCR
and sequencing reactions (Creer et al., 2010 and references cited
therein).



Fig. 1. Standardized workflow to study meiofaunal biodiversity in marine benthic ecosystems using high-throughput sequencing. Sediment samples (from shallow to deep-sea
environments) are collected and subsequently frozen (−20 °C or −80 °C). In the laboratory, meiofaunal organisms are recovered from the sediments and their DNA extracted and pu-
rified. Following the PCR amplification of marker genes (e.g. 18S rRNA), high-throughput sequencing can be conducted on Roche 454 or Illumina platforms. Raw reads are processed
and then clustered into operational taxonomic units (OTUs) under a range of pairwise identity cutoffs. After the BLAST-match of the obtained OTUs against public nucleotide databases,
analysis of α- and β-diversity and phylogeography are performed. Image of Illumina MiSeq platform: Source: Wikipedia, Author: Konrad Förstner.
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2.3. Choice of genomic loci

The choice of genomic loci is closely dependent on the objective of
the study. For the study of biodiversity at community level through
metabarcording, genetic markers should have at least two important
characteristics. First, they should mutate at just the right rate so that
closely related species sequences differ for a few characters (typically
≥2%), but sequences frommembers of the same species should present
differences b 2%. Secondly, in order to successfully amplify the targeted
locus, the flanking regions of barcode sequence should display a limited
variation, so that it is easier to design a universal primer set. The
mitochondrial gene encoding for the cytochrome oxidase c subunit 1
(COI), having a haploidmode of inheritance, is one of the preferred can-
didate locus for “universal” barcoding (Lorenz et al., 2005). Moreover, it
shows high rates of molecular evolution, no introns and limited recom-
bination rate (Wilson et al., 1985; Avise, 1994; Piganeau et al., 2004).
Themolecular evolution of COI usually facilitates the species discrimina-
tion and in the meantime allows us to reconstruct phylogenetic rela-
tionships, gene-flow patterns and to recognize the presence of cryptic
diversity (Hebert et al., 2003). Unfortunately, nematode mitochondrial
genomes are characterized by high levels of recombination (Lunt and
Hyman, 1997), editing by insertion (Vanfleteren and Vierstraete,



Box 2
NGS platforms.

Roche 454 was the first commercial NGS platform successfully
used in metagenetic surveys of metazoan biodiversity (Fonseca
et al., 2010; Creer et al., 2010). Roche 454 uses beads that start
with a single template molecule, which is amplified via emulsion
PCR (emPCR). In the early 2000s, when Roche 454 has been
launched, the sequencer was able to produce 20,0000 reads with
a maximum read length of 100–150 bp, and could output 20 Mb
per run. An important development was made with the launching
of 454 GS FLX Titanium systems, such as the new GS FLX Titani-
um XL+, which currently could generate 1 million sequences/run
with read length of 700 bp, an output of 700 Mb, within 24 h.
Compared with other NGS platforms, Roche 454 presents many
advantages such as the speed and the higher read length, but the
cost of reagents is still a challenge. However, the library construc-
tion can be automated, and the emPCR can be semiautomated
which could reduce the manpower in a great extent.
The 2nd commercial NGSplatformwas developed by Solexa, sub-
sequently acquired by Illumina, which uses a solid glass surface
(similar to a microscope slide) to capture individual molecules
and bridge PCR to amplify DNA into small clusters of identical mol-
ecules. In early 2010, Illumina launched Illumina HiSeq 2000. Ba-
sically, compared with Roche 454, llumina HiSeq 2000 has the
advantages of biggest output at lower cost. The new Illumina
HiSeq 4000 recently launched, could generate 2.5 billion reads/
Flow Cell, with a maximum read length of 2× 150 bp and an out-
put of 1.5 T/run in less than 5 days. In 2011, Illumina developed
Illumina MiSeq, which shared most technologies with HiSeq and
it is especially convenient for amplicon and bacterial sample se-
quencing. At the time of writing, Illumina MiSeq system can se-
quence 2 × 300 bp amplicon, generating an output up to 15 Gb
in 55 h. Library preparation and their concentration measurement
can both be automated.
SOLiD was the 3rd commercial NGS platform, using emPCR to
amplify templates (as Roche 454). Till the most recent release of
Illumina's software and reagents, SOLiD produces more reads,
at lower cost than Illumina. Another two NGS platforms recently
launched are i) Ion Torrent which uses a sequencing strategy sim-
ilar to Roche 454, and ii) PacBio which is an instrument able to se-
quence individual DNA molecules in real time, using individual
DNA polymerases which are attached to the surface of micro-
scope slides. Ion Torrent is suitable for microbial sequencing and
targeted sequencing, but present higher cost per Mb, and longer
sample preparation time compared to other NextGen platforms.
PacBio produces a lower number of reads/run butwith longer read
length (till 1100 bp), at lower cost per sample and faster run times
(less than 2 h) than other NGS systems.
All NGS systems developed so far have traditionally split their focus
into long reads (e.g., 454) vs. short reads (e.g., Illumina andSOLiD).
However, considering the recent developments, the choice of the
system that should be used for biodiversity surveys is strictly linked
to the aim of the research, knowledge of the systems and to the
researcher's ability to adapt techniques to obtain data efficiently.
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1999) andmulti-partitioning (Armstrong et al., 2000). For all these rea-
sons, the amplification of the Folmer region (M1–M6 partition of the
COI gene; Folmer et al., 1994), themost-used for animal barcoding stud-
ies, is difficult and unreliable in marine nematodes (Bhadury et al.,
2006). A recent study developed a modified primer set (JB3–JB5),
which amplifies satisfactorily another COI partition (e.g., I3-M11 parti-
tion) in species belonging to the family Rhabditidae and Leptosomatidae
(Derycke et al., 2010b). However, amplification is still difficult for spe-
cies belonging to other nematode families (e.g., Monhysteridae) and
hence, it remains unclear to what extent this region of COI can be
used as a more general DNA barcoding fragment for marine nematodes
(Derycke et al., 2010b). On the other hand, nuclear genes present lower
mutation rate and a four-fold larger effective size than mitochondrial
ones, and consequently evolve more slowly (Avise, 2000). Considering
the lack of universal COI priming sites for marine nematodes and the
dominance of this taxon within meiofaunal communities, it has been
suggested that nuclear genes, both 18S small subunit (nSSU) and 28S
large subunit (nLSU) rRNA genes could be more efficient markers to
study meiofaunal biodiversity in metagenetic surveys (Blaxter, 2003;
Blaxter et al., 2003). 18S and 28S rRNA genes are strongly conserved
due to their role in the assemblage of proteins in the ribosome, facilitat-
ing the design of conserved primers (Floyd et al., 2005; Markmann and
Tautz, 2005; Carvalho et al., 2010). In particular, 18S rRNA gene seems
to be more appropriate to study meiofaunal diversity than 28S rRNA
gene due to its greater abundance in the genome and larger size. The
PCR amplification of 18S rRNA gene with universal primer set is more
consistent, and public databases notably contain more 18S than 28S
sequences (e.g., GenBank database contains 904,189 18S entries vs.
568,268 28S entries; 17,189 18S entries vs. 11,963 28S entries for nem-
atodes). The SSU rRNA gene is variable enough to permit the differenti-
ation between families or genera and in just a few cases, between
species (Holterman et al., 2006; Fontanilla and Wade, 2008). Consider-
ing that somemeiofaunal species have identical 18S sequences, this ge-
netic marker remains of limited utility to detect patterns at the species
level, to distinguish between closely related species or to discriminate
cryptic species (Tang et al., 2012; Morgan et al., 2014). Tang et al.
(2012) reported that the estimated number of taxa using 18S rDNA is
lower than the number obtained by using COI and morphological iden-
tification. The authors concluded that the use of 18S rDNA is not a reli-
able marker for the assessment of meiofaunal diversity at the species
level and it can underestimate the actual species richness (Tang et al.,
2012).

Amore variable portion is represented by D2–D3 “diversity loop” re-
gion of 28S rRNA. Due to conserved regions alternatingwith D2 and D3,
primer set has a high success rate when applied to the entire phylum of
nematodes (De Ley et al., 2005; Ye et al., 2007; Subbotin et al., 2008;
Derycke et al., 2008a, 2010a). Moreover, since D2–D3 loop is not
known to be subjected to intraspecific polymorphisms, it also allows
us to identify cryptic species in some groups (De Ley et al., 1999).
These results suggest that there is a need of identifying genes (or a com-
bination of genetic markers) suitable for metagenetic analyses of
meiofaunal biodiversity, that are also able to uncover the possible
cryptic diversity.

2.4. Amplification and sequencing

At present, theNGSplatformmost frequently utilised formetagenet-
ic studies on meiofauna is the Roche 454 (Box 2). The portion of 18S
rDNA to be sequenced is amplified using the primer set SSU_F04 and
SSU_R22 towards the 5′ end (Blaxter et al., 1998; Creer et al., 2010;
Fonseca et al., 2010, 2014; Bik et al., 2011). The selection of such set of
primers is based on a combination of factors, namely: i) maximum
length of amplicon recommended for Roche 454 (ca. 600 bp), ii) the
best resolving power of the target regions and iii) the level of primer se-
quence conservation across meiofaunal organisms (Porazinska et al.,
2009a; Creer et al., 2010). At the same time, Roche 454 is still expensive
due to the high cost of reagents and has an error rate of ca. 1% per base
within each single read (Glenn, 2011). Moreover, the error rate is more
frequent in stretches of identical nucleotides (homopolymers; Huse
et al., 2007). Specific and time-consuming software packages are
needed to remove these systematic errors prior to further analysis
(Huse et al., 2010; Reeder and Knight, 2010; Quince et al., 2011).
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AnotherNGS sequencing platformsimilar toRoche 454 in terms of se-
quencing strategy is Ion Torrent, which has been recently used to study
the diversity of marine eukaryotic organisms (Leray and Knowlton,
2015). However, it has a high cost per megabase and displays an error
rate similar to Roche 454 (1%, Glenn, 2011).

For all of these reasons, Illumina sequencing platforms (Box 2) have
been increasingly used due to the lower costs and lower per-base error
rate (ca. 0.1% per base within single reads, Glenn, 2011). Moreover,
Illumina is not so susceptible to indel errors in homopolymer stretches
(Loman et al., 2012). Illumina sequencing platforms also improve se-
quencing protocols and library, increasing significantly the quality of
the results (Caporaso et al., 2012). For instance, the length and quality
of Illumina sequenced amplicons can be further improved by a process
known as “read merging”, aligning and combining each set of paired
end reads into a single contig. In the past, the main constraint of
Illumina was represented by the limited length of sequences generated
(30–100 bp), but at present this problem has been overcame by the
Illumina MiSeq platform, which generates reads with a length up to
ca. 600 bp. These implementations allow the sequencing of amplicons
of length similar to those produced by Roche 454; this in combination
with the lower cost per sequence has oriented several scientists to pre-
fer Illumina for sequencing 16S rRNA gene amplicons (Gloor et al., 2010;
Bartram et al., 2011; Degnan and Ochman, 2011; Ram et al., 2011;
Caporaso et al., 2012; Eren et al., 2013; Nelson et al., 2014). This leads
us to hypothesise that soon Illumina MiSeq will replace Roche 454
also for 18S rRNA gene sequencing.

3. Emerging insights intomeiofaunal biodiversity frommetagenetic
analysis

High-throughput sequencing technologies, producing large
amounts of sequence data in a very short time, provide an unique op-
portunity to identify different species from complex communities at
lower costs than both Sanger sequencing analyses (e.g. Leininger et al.,
2006; Poinar et al., 2006; Sogin et al., 2006) andmorphological identifi-
cation procedures. High-throughput sequencing approach has been tra-
ditionally applied to studies dealing with microbial diversity (Angly
et al., 2006; Sogin et al., 2006; Huber et al., 2007; Desnues et al., 2008;
Zinger et al., 2011). However, an increasing number of NGS studies
(based on the 18S rRNA gene) investigated the diversity of protists
and small metazoans (Porazinska et al., 2009a, 2010, 2012; Stoeck
et al., 2009, 2010; Creer et al., 2010; Fonseca et al., 2010, 2014;
Medinger et al., 2010; Bik et al., 2011; Edgcomb et al., 2011; Lindeque
et al., 2013; Pearman et al., 2014; Hirai et al., 2015). Although
metabarcoding is an emerging field, recent metagenetic surveys of ma-
rinemetazoanbiodiversity have already provided new insights into tax-
onomic composition and spatial diversity patterns of eukaryotic
communities from different marine environments.

3.1. Taxonomic composition and species richness of meiofaunal assemblages

Recent investigations of shallow and deep-sea meiofauna based on
the use of 454 sequencing and classical morphological identification
provided different results (Fonseca et al., 2010; Bik et al., 2011). On
the basis of morphological analyses, nematodes, for instance, have
been repeatedly reported as the dominant taxon ofmeiofaunal commu-
nities, both in terms of abundance and species richness (Lambshead,
2004; Schmidt-Rhaesa, 2014). However, the results obtained from 454
sequencing showed an equally dominant role of Platyhelminthes,
which are traditionally considered a rare taxon and inmost cases absent
in benthic deep-sea ecosystems (Fonseca et al., 2010; Bik et al., 2011).
This discrepancy can be explained by the fact that “soft body” organ-
isms, such as Platyhelminthes, are not well preserved or are lost during
meiofaunal sorting (Fonseca et al., 2010). Thus, sorting animals prior to
DNA extraction can lead to an underestimation of the diversity of those
organisms with more delicate body structures (e.g., Platyhelminthes).
Since most of the Platyhelminthes living in marine benthic ecosystems
are predators (Reise, 1988), these findings, if confirmed, could change
our view of the functioning of trophic food webs in shallow and deep-
sea benthic ecosystems (Giere, 2009). However, these considerations
leave open the debate on the interpretation of the results obtained
throughmetabarcoding, which could be affected by potential amplifica-
tion and sequencing errors, therefore further studies are needed to bet-
ter evaluate and clarify these issues.

In all ecological studies the number of species increases with in-
creasing number of sampled individuals, till saturation occurs (Bunge
and Fitzpatrick, 1993). However, recent metagenetic investigations of
meiofaunal communities based on 18S rDNA revealed that, despite the
massive sequencing effort, rarefaction curves of the OTUs do not reach
the saturation, leading to hypothesise that the biodiversity is far higher
than expected (Fonseca et al., 2010, 2014; Bik et al., 2011). The lack of
saturation of the rarefaction curves could be also caused by the low res-
olution of 18S rDNA in discriminating meiofauna at the species level
(Tang et al., 2012).

Despite the nSSU is the genomic region most frequently used for
meiofaunal barcoding (Floyd et al., 2002; Blaxter et al., 2005), a large
fraction of the OTUs obtained in metagenetic studies still shows limited
sequence identity (b95%) with sequences deposited in the public data-
bases. This is due to the limited number of deposited sequences belong-
ing to described species. This applies particularly to the deep sea, where
most of the taxa, from either ecological models, empirical data or expert
evaluations are still unknown (Danovaro et al., 2010; Mora et al., 2011;
Appeltans et al., 2012).

The increase of public database coverage combined with deeper
sampling effort could in the future improve the accuracy of marine bio-
diversity estimates based on metagenetic surveys.

3.2. Biogeographic patterns

The knowledge of biogeographic patterns of these microscopic
metazoan taxa is fundamental to better understand the global marine
diversity and the spatial distribution of marine organisms. High-
throughput sequencing is an ideal tool to conduct biogeographic stud-
ies, as it can facilitate the identification of the mechanisms driving
species' distribution, their geographic dispersion to an accuracy that
is unfeasible at present using classical morphological identification
alone. An example is provided by studies on the microbial component.
Bacteria, for a long time, have been hypothesised to exhibit cosmopoli-
tan distributions and the lack of spatial patterns (Baas Becking, 1934),
but the results of biogeographic patterns based on 16S rDNA sequencing
have shown that this is not true (De Wit and Bouvier, 2006; Hughes
Martiny et al., 2006).

The hypothesis of cosmopolitism for meiofaunal assemblages has
been tested through recent metagenetic studies in different habitat
types, from rainforest to deep-sea environments (Porazinska et al.,
2010, 2012; Bik et al., 2011; Fonseca et al., 2014). These studies showed
that nematode assemblages are characterized by the presence of en-
demic species in all investigated ecosystems, with higher species rich-
ness at tropical than at temperate latitudes (Porazinska et al., 2009a,
2010). In marine systems, it has been reported that there is a clear dis-
tinction between shallow-water and deep-sea nematode communities.
A recent study carried out along bathymetric gradients, from shallow
down to abyssal depths in the Pacific and Atlantic Oceans, reported
that eukaryotic organisms display a higher genetic divergence along
depth gradients of the same oceanic region than between the two re-
gions at similar bathyal/abyssal depths (Bik et al., 2011). This could be
explained by a relatively recent geographic isolation between deep-
sea eukaryotic taxa inhabiting the two oceanic regions, or by a slower
rate of evolution of rRNA genes in the deep-sea meiofauna (Bik et al.,
2011).

A highly debated and still open issue in ecology is whether the pat-
terns of distribution of biodiversity are caused by spatially limited
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dispersal or by niche-related factors (Fonseca et al., 2014). A high-
throughput sequencing analysis of 66marine sediment samples collect-
ed at 23 sites (from UK, France, Spain, Portugal and Gambia) showed
thatmeiofaunal assemblage structure ismainly shaped bydispersal lim-
itation and habitat features. The presence of unique OTUs with narrow
range sizes independent from sample size, suggests that, in addition to
abiotic factors, biotic interactions and local adaptation could influence
local patterns of diversity and community composition of the
meiobenthos (Fonseca et al., 2014).

4. Shortcomings and pitfalls

4.1. Amplification and sequencing errors

Despite the high potential in species identification, metagenetic ap-
proach presents different shortcomings. Amongst these, biases in the
output sequences can be generated during DNA amplification and se-
quencing steps. PCR amplification can introduce substitutions, inser-
tions or deletions (Cline et al., 1996). The formation of PCR artefacts,
known as “chimaeras” is an additional problem. These in vitro recombi-
nant DNA molecules are usually generated during the first PCR step by
the amplification of homologous regions from a large number of poten-
tially highly related organisms (von Wintzingerode et al., 1997; Qiu
et al., 2001). In metagenetic analyses of eukaryotes, chimaeras tend to
appear in richer andmore genetically diverse samples, wheremolecules
from two different origins artificially combine together (Meyerhans
et al., 1990). Since chimaeras can inflate the overall biodiversity esti-
mates, it is crucial to identify and remove these PCR artefacts, or, even
better, to avoid their creation. A quick and efficient method used to
flag a putative chimaera is to compare the length of matched bases
from the top hit in a MEGABLAST search to the length of the query se-
quence (Creer et al., 2010 and references cited therein). If the database
sequence is longer than the query sequence, and the portion of the 3′
end does notmatch, it is likely that the query is a recombinant. Other al-
gorithms, currently used for the identification and removal of chi-
maeras, include Perseus (Quince et al., 2011), UCHIME (Edgar et al.,
2011) and USEARCH (Edgar, 2010). Both Perseus and UCHIME assume
that chimaeras should be less frequent than parental sequences.
USEARCH can identify chimeric sequences against a user provided refer-
ence database (such as ChimeraSlayer algorithm), but also can perform
de novo chimaera detection based upon abundances of input sequences.

However, it is also important to reduce the level of DNA recombina-
tion during PCR amplification performing a ‘gentle’ DNA extraction
(enzymatic digestion and using spinning wheels; Huber et al., 2002),
increasing polymerase extension times and reducing the number of
PCR cycles to the minimum (e.g. 20; Meyerhans et al., 1990; von
Wintzingerode et al., 1997; Qiu et al., 2001).

Sequencing errors appear to be less abundant than those produced
during amplification step (Taberlet et al., 2012). Sequencing error type
and rate vary amongst different sequencing platforms used (Glenn,
2011). To correct sequencing errors of Roche 454, it is usually suggested,
as a pre-processing step, to denoise the raw reads using tools such as
AmpliconNoise (Quince et al., 2011) or Denoiser (Reeder and Knight,
2010). “Denoising” is specific to 454 platform's error profile and could
be useful to avoid concerns regarding specific biological questions, such
as species counts. Illumina technology, which generates tens (MiSeq)
to thousands (HiSeq 4000) of times more data per run, needs other
approaches, such as quality-filtering strategies (Bokulich et al., 2013).

4.2. The need for optimized cocktail of primer sets

The amplification and sequencing of a single diagnostic locus
(e.g., 18S rRNA) unlikely cover all of the biodiversity present in a sample
(Creer et al., 2010; Bik et al., 2011). Therefore, in order to identify most
of the taxa, it is suggested to use a cocktail of primer sets optimized to
sequence alternate loci (e.g. nLSU and COI; Bhadury et al., 2006;
Porazinska et al., 2009a; Fontaneto et al., 2015). The comparison of
metagenetic results obtained from different genes could help to choose
the best combination of genetic markers for eukaryotic metagenetic
surveys. This issue is even more important if we consider a recent
study showing that the use of 18S rRNA for meiofaunal surveys could
largely underestimate the actual species richness. This could be due to
the fact that 18S rDNA is highly conserved between meiofaunal species
belonging to the samegenus (Tang et al., 2012;Morgan et al., 2014). The
use of 18S rRNA gene could be useful for comparing the levels of relative
diversity at higher taxonomic levels, but at the species level, COI appears
to be more robust and able to efficiently identify different morphospe-
cies, and eventually cryptic species (Derycke et al., 2005; Fonseca
et al., 2008; Tang et al., 2012).

4.3. Arbitrary OTUs and unreliable inferences on species richness

Due to the huge amount of raw sequences coming out from high-
throughput sequencing, filtering and clustering steps are needed to de-
crease the downstream computational requests. In this sense, clustering
raw reads in Operational Taxonomic Units (OTUs) can be viewed simply
as an important processing step, but OTU generation based on different
cut-offs results in very different estimates of sample richness (Creer
et al., 2010; Fontaneto et al., 2015). OTU cut-off level that broadly corre-
lates with species, typically occurs between 95% and 99% of the 18S se-
quence similarity, but there will be exceptions according to species in
environmental samples. Lower cut-offs are known to lump taxonomic
genera or even orders together, while the most stringent cut-offs (e.g.
99%) can substantially over split different individuals from a single spe-
cies (Porazinska et al., 2010). Further studies are therefore needed to
better understand the effect of OTU clustering on biodiversity surveys
of meiofauna.

Metagenetic analyses on prokaryotes are based on the assumption
that the numbers of OTUs reflect the species richness (Kemp and
Aller, 2004). The same assumption, however, cannot be applied to mul-
ticellular organisms. In particular, despite concerted evolution predicts
lower levels of divergence between intraspecific copies, and higher
levels of divergence amongst interspecific gene copies (Dover, 1982),
it has been demonstrated that ribosomal RNA gene copies in nucleus
and the number of nuclei vary dramatically between individuals be-
longing to the same species (Bik et al., 2012). Although new mutations
should be rapidly propagated across the rRNA gene copies within a
species, ribosomal variation within the same species is extensive in
some cases (James et al., 2009; Bik et al., 2013). Clustering analysis in-
corporates this variation in OTUs picking, hampering the accurate
quantification of the abundance of individuals and species richness
(Porazinska et al., 2009a,b; Porazinska et al., 2010).

Moreover, some nematode species differ significantly at the level of
the single nucleotide in the 18S rRNAgene (Porazinska et al., 2010). This
does not allow distinguishing the sequencing errors from the presence
of “rare species” in environmental samples (Sogin et al., 2006). As a con-
sequence, all data derived frommetagenetic analyses onmeiofauna sur-
veys should be critically evaluated. In consideration of the present
degree of uncertainty some authors suggested that the OTU analysis
could be useful to compare the relative diversity between different sam-
ples even without explicitly referring to species (Creer et al., 2010).

Recent metagenetic studies carried on zooplankton assemblages re-
vealed that the number of sequences is better related to biomass than to
individual abundance (Lindeque et al., 2013; Hirai et al., 2015), thus
providing new insights for the assessment of the relative contribution
of each taxon from metabarcoding analysis. However, this relationship
needs to be tested for meiofaunal assemblages.

5. Conclusions and future outlooks

Molecular approacheswill allowus soon to process a larger number of
samples at low cost, and produce a breadth of data that are unimaginable



Table 2
Primary advantages and disadvantages of morphological identification and high-throughput sequencing approaches to study meiofaunal biodiversity.

Morphological identification High-throughput sequencing

Providing species abundance information in a sample Not providing a reliable estimate of species abundances
Not allowing the study of cryptic diversity Identifying morphologically cryptic species
Providing biodiversity estimates at greater taxonomic resolution:
most of the taxa are identified at genus or even at species level

Most of the OTUs could be assigned to the order level at best and very
few to family, genus, and species level. Not all species are detected

Need of taxonomist experts and morphological identification could be subjective No need of taxonomist experts
Time-consuming method Allowing large-scale biodiversity surveys in a relatively short time scale
Traditionally used to determine biodiversity indexes for basic and
applied ecological research

Not allowing the determination of reliable biodiversity indexes
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by using the classical morphological identification. The study of marine
meiofaunal biodiversity using high-throughput approach presents sever-
al advantages and disadvantages compared to morphological identifica-
tion (Table 2). Not all species in a sample are detected, and a certain
percentage remains under-estimated due to twomajor issues: i) the lim-
ited coverage of public sequence repositories, and ii) the impossibility to
link the OTU number with the abundance of individuals belonging to
each species as observed on the basis of 18S rRNA gene pyrosequencing
(Porazinska et al., 2010).

Databases for small-size eukaryotes (18S rRNA genes) are far from
been exhaustive and this problem is amplified for other loci (e.g., 28S
rRNA) for which databases are still more limited (Pruesse, et al., 2007).
Meiofaunal taxa, indeed, have been historically under-represented in
public databases: for example, for some meiofaunal taxa, few 18S
rRNA sequences have been published (e.g. two 18S rRNA sequences for
the phylum Loricifera). This issue has a variety of consequences on
meiofaunal biodiversity surveys since the accuracy of taxonomy assign-
ment derived from BLAST match depends on the database coverage. For
the fewwell-sampled groups (e.g. Arthropoda or Annelida) it is possible
to obtain genus-level accuracy, whereas for less-studied phyla (e.g.
Loricifera, Gnathostomulida), only phylum-level accuracy might be
possible.

Considering all these evidences, there is an urgent need to exten-
sively collect full-length eukaryotic sequences or whole genomes in
order to “feed” the current databases and provide a stronger link be-
tween sequence data and morphology.

To overcome the obstacle of linking meiofaunal OTU numbers with
the abundance of individuals per species, major effort should be devot-
ed to understand the actual variability of the 18S rRNAgene amongst in-
dividuals of the same species and amongst different species taking into
account the contribution of potential biases due to PCR and sequencing
in such a variability. We need to set up PCRmethods that reduce ampli-
fication biases, to improve the performance of sequencing platforms in
order to obtain more accurate and longer sequences, and to elaborate
more reliable bioinformatic pipelines, which can take advantage of re-
cent advances in sequencing technology. If these gaps will be filled in
the near future, the use of metabarcoding will increase enormously
our ability to provide more accurate estimates of biodiversity.

For all these reasons, there is the urgency to implement the collabo-
ration amongst traditional taxonomists, molecular and computational
biologists.

Nowadays a key challenge for high-throughput studies is to move
beyond the pure ecological descriptions of biodiversity patterns and
move towards understanding the whole ecosystem functions, linking
metabarcoding datasets with the knowledge of species function
(e.g., meta-transcriptomics). An alternative approach to avoid PCR
biases and obtain simultaneously information on taxonomic and func-
tional diversity is based on the use of Illumina-sequenced environmen-
tal metagenomes (mitags) (Logares et al., 2014). This approach could
represent, in the future, a powerful tool to investigate the biodiversity
of meiofaunal assemblages.

The power offered by high-throughput surveys to monitor biodiver-
sity rapidly may open new perspectives to investigate the micro-
eukaryotic biosphere and also increase the effectiveness of institutions
responsible for monitoring, protecting and conserving biodiversity
worldwide.
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