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ABSTRACT

During the last decade, high-throughput metabarcoding became routine for
analyzing protistan diversity and distributions in nature. Amid a multitude of
exciting findings, scientists have also identified and addressed technical and
biological limitations, although problems still exist for inference of meaningful
taxonomic and ecological knowledge based on short DNA sequences. Given
the extensive use of this approach, it is critical to settle our understanding
on its strengths and weaknesses and to synthesize up-to-date methodological
and conceptual trends. This article summarizes key scientific and technical
findings, and identifies current and future directions in protist research that
uses metabarcoding.
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High-throughput DNA sequencing of a targeted, taxonomi-
cally useful marker in environmental samples (amplicon/
tag sequencing, metagenetics or, hereafter, metabarcod-
ing; Creer et al. 2016) enables in-depth characterization of
protistan communities. Metabarcoding is the community-
based counterpart of DNA barcoding, which instead
focuses on the identification of individual taxa (ideally at
the species level) using a standardized genetic marker
(Hebert et al. 2003). These complementary approaches
use markers with different variability, length, and overall
efficiency depending on the study aim and eukaryotic lin-
eage, including COI (mitochondrial cytochrome oxidase ¢
subunit | gene) for animals, rbclL (plastid ribulose-1,5-
biphosphate carboxylase—oxygenase large subunit gene)
for plants, ITS (internal transcribed spacer region of the
ribosomal RNA, rRNA, operon) for fungi, and the 18S
rBNA gene for protists (Pawlowski et al. 2012; Taberlet
et al. 2018).
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The metabarcoding approach to characterize protist
communities is typically based on short hypervariable
regions (< 500 base pairs) within the 18S rRNA gene, and
aims at identifying and tracking taxa in the environment.
Since the first publications proposing this approach for the
characterization of protistan communities (Amaral-Zettler
et al. 2009; Stoeck et al. 2009), many studies have used it
to examine diverse environments (aquatic, terrestrial, and
host-associated), locations (from shorelines to some of
the most extreme sites on Earth), and scales (from local
to circumglobal). Along with exciting findings included in
hundreds of publications (Fig. 1), we have also learned
about technical and biological limitations and have greatly
improved our interpretations of the overwhelming amount
of data produced. Given the wide use of metabarcoding, it
is critical to settle our understanding of its strengths and
limitations and to explore how to move forward method-
ologically and conceptually. This paper examines past
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Ten Years of High-Throughput Protistan Metabarcoding

achievements, current trends, and remaining challenges in
protistan metabarcoding.

WHAT HAVE WE LEARNED WITH AND ABOUT
METABARCODING?

Key scientific findings

The first studies of protistan communities based on tar-
geted (PCR-amplified) markers used Sanger-sequenced
clone libraries and started to reveal organisms unseen
by microscopy, either because they are too small or
inconspicuous (Diez et al. 2001, Lopez-Garcia et al.
2001; Moon-van der Staay et al. 2001), or because they
are too rare (Caron and Countway 2009; Doherty et al.
2007; Pedrdés-Alié 2006). This trend has been magnified
by high-throughput sequencing, which has made
metabarcoding much more scalable and versatile
(Amaral-Zettler et al. 2009; Stoeck et al. 2009). By now,
many millions of protistan metabarcodes from hundreds
of samples have been generated in geographically com-
prehensive marine surveys such as BioMarKs in Euro-
pean coastal waters and sediments (Massana et al.
2015) and the International Census of Marine Microbes
(Amaral-Zettler et al. 2010), as well as the circumglobal
expeditions of Tara Oceans (de Vargas et al. 2015) and
Malaspina (Logares et al. 2020). Time series have been
ongoing for more than a decade on sites of the
Mediterranean coast (Giner et al. 2019). Although less
common, spatially and/or temporally comprehensive sur-
veys have also analyzed freshwater and soil
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Figure 1 The use of high-throughput metabarcoding for the study of
protist communities has increased exponentially in the last 10 years.
Cumulative data obtained from the ISI Web of Science (accessed
May 26, 2020) using the search string: ((“metabarcoding” OR “ampli-
con sequencing” OR "tag sequencing” OR “metagenetics” OR
“"eDNA" OR "“environmental sequencing”) AND (“protist” OR “phyto-
plankton” or “microplankton” or “nanoplankton” or “picoeukaryote”
OR "diatom” OR "flagellate” OR “ciliate” OR "amoeba”)).
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environments (Debroas et al. 2017; Filker et al. 2016;
Grossmann et al. 2016). Many other studies have
explored protists from a wide variety of environments,
including hot springs (Oliverio et al. 2018) and the mam-
malian gut (Parfrey et al. 2014), just to cite a few exam-
ples. In this article, we do not aim at reviewing the
vast literature produced. Instead, we have identified and
exemplified three groups of key findings enabled or aug-
mented by metabarcoding.

Novel diversity and distributions

Lineages known for over two centuries turned out to be
much more diverse than expected with the incorporation
of metabarcoding, even in heavily studied environments
such as the ocean. For example, high genetic diversity
and distinct biogeographical patterns have been reported
for both well-established marine groups such as dinoflagel-
lates and diatoms (Le Bescot et al. 2015; Malviya et al.
2016) and less known clades such as MALVs and MASTs
(Marine Alveolates and Marine Stramenopiles; Massana
et al. 2015). Some lineages are not only unexpectedly
diverse, but also unexpectedly abundant (e.g. diplonemids,
syndiniales; de Vargas et al. 2015; Flegontova et al. 2016)
or distributed (e.g. free-living apicomplexans; del Campo
et al. 2019) in the ocean.

Dynamic communities

One common finding of metabarcoding is that communi-
ties are nearly always composed of a small number of
abundant lineages accompanied by a large number of rare
ones, as exemplified by rank abundance curves with very
long tails (e.g. Mangot et al. 2013). This pattern is known
for both macro- and microorganisms, where rare species
can be either ecologically specialized or waiting for more
favorable conditions to become abundant (Pedrés-Alid
2006; Preston 1948). However, the seemingly never-end-
ing tail of rare lineages in metabarcoding studies suggests
additional processes related to the large population sizes
and high dispersal abilities of microbes (reviewed by Dun-
thorn et al. 2014a; Logares et al. 2015). Overall, metabar-
coding has revealed complex combinations of ubiquitous
and restricted distributions of lineages that are sometimes
abundant and sometimes rare (Nolte et al. 2010; Logares
et al. 2014, Ser-Giacomi et al. 2018).

Widespread interactions

In addition to supporting abiotic determinants of protistan
distributions (e.g. Monier et al. 2015; Hu et al. 2016),
metabarcoding data have led to new hypotheses on the
crucial role of biotic interactions in shaping protistan com-
munities. Classical knowledge on predator-prey dynamics
(e.g. Montagnes et al. 2012) is now complemented with
the surprising prevalence of parasitic and other symbiotic
relationships across the tree of life in aquatic (e.g. Lima-
Mendez et al. 2015) and terrestrial (e.g. Mahé et al. 2017)
environments. Concurrent use of metabarcoding and
microscope techniques such as electron microscopy and
fluorescence in situ hybridization (FISH) are providing
deeper knowledge on such interactions (e.g. Bird et al.
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2018; Chambouvet et al. 2019; Kwong et al. 2019; Mor-
dret et al. 2015).

Strengths and limitations of metabarcoding

After a decade of intensive use, it is easy to summarize
the main advantages of metabarcoding: It allows for time-
and cost-effective analysis of a large number of samples
with high sensitivity and taxonomic resolution. This
approach aims at providing an inventory of the lineages
present in a sample and their relative abundances (or
activities, if targeting RNA rather than DNA). However, like
all methods, metabarcoding is prone to technical and bio-
logical limitations (reviewed by Santoferrara 2019; Taberlet
et al. 2018).

Results can change markedly based on, for example,
amplification primers (Hugerth et al. 2014) and regions
analyzed (e.g. V4 or V9; Flegontova et al. 2016; Stoeck
et al. 2010). Results can also change based on alterna-
tive bioinformatic methods that quality-filter and group
sequences differently (e.g. Callahan et al. 2016; Mahé
et al. 2015; Rognes et al. 2016; Schloss et al. 2009). The
obtained operational taxonomic units or OTUs (also
referred as to amplicon sequence variants or ASVs if
obtained with methods that denoise and dereplicate
sequences; e.g. Callahan et al. 2016) need careful con-
sideration. Many of the novel or rare OTUs mentioned
above could be artifacts produced during sequencing
and/or sequence grouping, and thus, additional postclus-
tering quality filters are recommended (Forster et al.
2019; Freslev et al. 2017). Furthermore, interpretation of
OTU data must consider that the relationships between
species and their genomes are mostly unknown: The
limits between intra- and interspecific sequence variation
are usually blurry (Bachy etal. 2013; Decelle et al.
2014), and the gene copy numbers can vary by orders
of magnitude even among closely related taxa (Biard
et al. 2017).

Many metabarcoding issues are now well known and
have been addressed, at least partially, by alternative pro-
cedures, rigorous optimization of all steps, and sequenc-
ing of replicates and controls (e.g. Decelle et al. 2014).
This has resulted in an increased reliability for qualitative
and some semiquantitative goals. Several studies have
evaluated the metabarcoding approach by sequencing
artificially assembled samples or by parallel microscope
analysis, for example, based on planktonic protists (e.qg.
Bachy et al. 2013; Egge et al. 2013; Giner et al. 2016;
Medinger et al. 2010; Santoferrara et al. 2014, 2016;
Stoeck et al. 2014). These and other plankton studies
have shown that sampling, laboratory and bioinformatic
optimizations minimize errors such as false negatives,
false positives, artifactual sequence variants and misiden-
tifications, but relative abundances usally remain biased
(Santoferrara  2019). Similarly, a higher reliability of
metabarcoding for qualitative over numerical data has
been shown for sediment and soil protists (Boscaro et al.
2017; Geisen et al. 2015a). Taxon disproportions can seri-
ously distort interpretations of community structure
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(Medinger et al. 2010), although this is less problematic
in the smallest protists (Giner et al. 2016) or for tracking
the distribution of particular lineages in space and time
(Pitsch et al. 2019; Santoferrara et al. 2016). Combination
with other methods such as cell counting or quantitative
PCR can help normalize disproportions and remains the
only means to estimate absolute abundances (Canesi and
Rynearson 2016; Vasselon et al. 2018; Weber and Paw-
lowski 2013).

Not all limitations in assessing protistan diversity and
distributions can be solved with a single method or proto-
col. Thus, metabarcoding optimization and error manage-
ment should be directed by the research question, and
the selection of downstream analyses (e.g. alpha and beta
diversity, and relationship with biotic and abiotic factors)
should consider potentially unaddressed or remaining
biases (Buttigieg and Ramette 2014; Magurran and McGill.
2011). Conclusions should also consider the nature of the
parameters being measured. For example, OTUs are just
a practical way to group sequences and not necessarily
represent species (which are anyway difficult to define;
Barraclough 2019; Boenigk et al. 2012; de Queiroz 2007).
It comes as no surprise, then, that parameters such as
the species richness of protists remain uncertain both
locally and globally, regardless of the approach used
(Caron and Hu 2019).

CURRENT AND FUTURE DIRECTIONS

There is still work to be done to make metabarcoding
more accurate, reproducible, and informative. Alternative
sequencing strategies, more rigorous protocols, and new
bioinformatic tools continue to improve this approach. In
parallel, we need to also advance conceptually and
strengthen the use of metabarcoding as a complement to
other techniques for inference of meaningful biological
knowledge. We identify three main directions in advancing
phylogenetic, ecological, and functional knowledge using
metabarcoding (Fig. 2).

Improving taxonomic resolution and phylogenetic
inference

The short reads typically obtained by metabarcoding con-
tain only limited phylogenetic information, which compli-
cates taxonomic identification (Dunthorn et al. 2014b). To
handle the mass of data typically generated, it is usual to
infer taxonomy based on pairwise similarity searches
against a reference database (e.g. in the works by de Var-
gas et al. 2015; Mahé et al. 2017). While fast and rela-
tively reliable for classification to high taxonomic ranks,
similarity-based methods are heavily dependent on the
taxon sampling and annotation quality of the reference
databases (Berger et al. 2011). These methods also
require arbitrary similarity thresholds, and because these
are difficult to assess, highly divergent sequences usually
remain ignored (i.e. classified as unknown, or discarded).
This problem is amplified for certain environments, such
as soil, because reference databases are biased toward
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Figure 2 Methodological and conceptual advances are broadening the potential of metabarcoding data for inference of phylogenetic, ecological,

and functional diversity.

aquatic organisms. As an alternative to similarity methods,
phylogenetic tools (e.g. EPA and pplacer) can provide
more reliable taxonomy assignments by “placing” the
short reads onto a predetermined phylogeny of longer ref-
erence sequences (Barbera et al. 2019; Berger et al.
2011; Matsen et al. 2010). The major advantage of phylo-
genetic placement over similarity comparisons is that even
sequences distantly related to references (e.g. novel
groups) can be taxonomically annotated (Berger et al.
2011; Mahé et al. 2017). However, phylogenetic place-
ment methods also present difficulties, such as the
requirement of a reference phylogeny usually derived from
longer but low-throughput and relatively expensive Sanger
sequencing.

As a complement to traditional short-read metabarcod-
ing, it is now possible to obtain longer sequences in a
high-throughput manner from environmental samples. The
Pacific Biosciences sequencer (PacBio) is particularly
appealing because it allows to apply a multi-pass sequenc-
ing corrective process (circular consensus sequencing—
CCS) that drastically lowers the error rates (e.g. Heeger
et al. 2018). Nanopore sequencing offers other strong
advantages (e.g. portability and real-time sequencing) that
may make it an alternative in the near future, but due to
its high error rate it is currently not best-suited to assess

the diversity of complex microbial samples (Loit et al.
2019).

Using PacBio, near-full-length  18S rRNA gene
sequences were obtained from environmental samples for
the enigmatic protistan group of Diphyllatea (Orr et al.
2018). A few other studies mainly targeting fungal diver-
sity were able to sequence longer fragments including
also the ITS and 28S rRNA gene (Heeger et al. 2018; Ted-
ersoo et al. 2018; Tedersoo and Anslan 2019). Most
recently, Jamy et al. (2019) analyzed soil protists by pro-
ducing sequences ~4,500 bp long using broad eukaryotic
primers that target a region spanning from 18S to 28S
rBNA genes. Taking advantage of this increased phyloge-
netic signal, it is possible to develop a phylogeny-aware
method for taxonomic annotation. With this method, anno-
tations are made to the appropriate taxonomic ranks corre-
sponding to the phylogenetic position of environmental
sequences in a tree that contains both reference and envi-
ronmental sequences, thus allowing for a much improved
taxonomically-informed evolutionary perspective on envi-
ronmental DNA.

The development of long-read metabarcoding does not
come without potential biases. Among the most impor-
tant issues, which will all require to be properly assessed
in the near future, are length differences in the target
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regions that might prevent amplification of some protist
groups, as well as higher risks of chimeric formation.
However, depending on the study aims, some of these
potential biases are outweighed by the benefits of long-
read metabarcoding. One of the main advantages is that
more than one molecular marker can be sequenced at a
time. In the case of the rRNA operon, linked information
of the 18S, ITS and 28S regions can be generated with
no additional work than for “classical” metabarcodes
(with the exception of optimizing the long-range PCR).
Thus, widely different taxonomic resolutions can be con-
trasted by looking at highly variable regions (e.g. ITS) or
more conserved ones (e.g. 18S rRNA gene). In addition,
it is possible to populate databases for alternative mark-
ers (ITS and 28S rRNA gene) while maintaining the link
to the vast body of knowledge that has accumulated for
the 18S rRNA gene. Another benefit of long-amplicon
sequencing, as mentioned above, is that we can produce
reference phylogenies including not only reference
sequences but also newly obtained environmental
sequences (Jamy et al. 2019). This means that denser
and more robust reference trees will become available,
which, we believe, will be especially powerful for annota-
tion of shorter lllumina sequences. Indeed, the massive
throughput of lllumina means that it is possible to cover
an almost unlimited range of environmental conditions
and sampling strategies (e.g. different filtrations).
Together with the phylogenetic signal of longer—but less
abundant—PacBio or nanopore sequences, one can start
sorting environmental reads at a much finer level of taxo-
nomic resolution.

Placing metabarcodes in the context of ecological
theory

Metabarcoding data have dramatically increased our
estimates of microbial diversity and have provided
detailed information on the composition and spatiotem-
poral turnover of microbial communities, especially in
the ocean. Some current estimates indicate about
50,000 to 100,000 protist OTUs in the global ocean, five
to ten times more than for bacteria and archaea com-
bined (de Vargas et al. 2015; Pedrés-Alid et al. 2018).
These OTUs display different distribution patterns, with
diverse ocean regions typically featuring distinct micro-
bial communities in terms of taxonomic composition
and relative abundances. For example, in surface waters
the distributions of prokaryotes and eukaryotes smaller
than 2 um (picoeucaryotes) seem to be determined by
temperature and ocean basin, respectively (de Vargas
et al. 2015; Sunagawa et al. 2015), while in the deep
ocean these communities are mostly influenced by
water masses (Pernice et al. 2016; Salazar et al. 2016).
However, we still have a limited knowledge on the eco-
logical mechanisms that shape microbial communities.
Comprehending the underlying ecological mechanisms
that determine community structures is crucial, given
that these processes can lead to different ecosystem
functions (Leibold etal. 2017, Mori etal. 2018;
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Nemergut et al. 2013). Approaches that allow not only
to determine patterns, but also to use sequence data in
the context of broader theory are thus crucial to answer
key ecological questions.

One use of metabarcoding data to help linking distribu-
tion patterns and assembly mechanisms in microbial com-
munities is based on null models (Stegen et al. 2013;
Zhou and Ning 2017). This approach builds on community
ecology theory (Vellend 2016) and quantifies the relative
importance of three processes in structuring biological
communities: selection (deterministic reproductive differ-
ences among individuals from different species as a
response to environmental variability), dispersal (move-
ment of species across space), and ecological drift (ran-
dom changes in relative abundances derived from
stochastic birth, death, immigration, and emigration); a
fourth structuring process, speciation, is excluded from
the estimates as it operates over evolutionary scales diffi-
cult to characterize (Stegen et al. 2013). Null models
based on metabarcoding data suggest, for example, that
communities of eukaryotic and prokaryotic microbes are
structured by different processes in the global ocean:
Picoeukaryotes are predominantly structured by dispersal
limitation, while bacterial communities are shaped by the
combined action of dispersal limitation, selection, and drift
(Logares et al. 2020). These estimates are expected to be
influenced by geographical scale (Heino et al. 2015), as
exemplified by a decreased relevance of dispersal limita-
tion in structuring both protistan and bacterial communi-
ties in surface waters of the East China Sea (Wu et al.
2018). Evolutionary processes such as local adaptation
may also have an effect, as exemplified by a less impor-
tant role of environmental selection than drift in shaping
protistan communities (including locally adapted taxa) in
lakes characterized by a strong salinity gradient (Rengefors
et al. 2015).

Null models and other mathematical approaches
advance our understanding of microbial communities,
but should be used with caution to prevent magnifying
some known issues of metabarcoding (Zhou and Ning
2017). For example, conclusions are bound to the vari-
ability of the chosen taxonomic marker. In the case of
18S rRNA gene, a small variation may reflect more than
a million years of evolutionary divergence (Shapiro and
Polz 2014), and thus this marker typically does not cap-
ture population level processes. Furthermore, results
from this framework normally represent the action of
ecological processes at the whole microbial level and
not on particular taxonomic groups that can certainly be
subjected to different forces. Future improvements could
include algorithms to detect the action of ecological dri-
vers at both the community and high-rank taxonomy
levels, possibly using long-amplicon sequencing as out-
lined above. Lastly, future studies should determine
whether protist communities follow additional assembly
mechanisms to those known for prokaryotes, which is
highly likely given fundamental differences in terms of
metabolic capability, behaviors, and interactions (Mas-
sana and Logares 2013).
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Linking metabarcodes with organismal functions and
interactions

Knowledge on the factors and mechanisms that govern
the distribution patterns of organisms is a cornerstone to
better understand the processes that create and maintain
biodiversity, as well as the function(ing) and dynamics of
ecosystems. As discussed above, metabarcoding is an
efficient tool to identify the distribution patterns of protis-
tan taxa. These patterns can be used to develop hypothe-
ses about underlying functions and mechanisms to be
tested with additional methods.

One example where metabarcoding has served to ge-
nerate hypotheses on underlying functioning refers to
halotolerance in certain protists. Salinity is a major envi-
ronmental determinant of community composition in bac-
teria (Lozupone and Knight 2007), protists (Forster et al.
2012; Logares et al. 2009), and macroorganisms (Lee and
Bell 1999; Vermeij and Dudely 2000). Metabarcoding has
shown specific salt transition boundaries for protists, with
different physiological adaptations and osmotic capacities
as the most likely explanations (Filker et al. 2017). To
explore these possibilities, ciliate cultures, ion imaging,
and proton nuclear magnetic resonance spectroscopy
were used to investigate two main haloadaptive strate-
gies in ciliates, that is, intracellular accumulation of inor-
ganic ions and accumulation/synthesis of compatible
solutes as osmoprotectants (Weinisch et al. 2018a,b). In
agreement with the metabarcode-based transition bound-
aries, experimentation indicated that ciliates exhibit differ-
ent salt tolerances and that all the tested species use
compatible solutes to combat osmotic stress. Compatible
solute concentrations also showed a linear increase with
increasing external salinity, while the proportions of com-
patible solutes within each ciliate pointed at slight differ-
ences in haloadaptive strategies by regulatory actions
(Weinisch et al. 2018a,b). These and other studies that
identify novel osmoprotectant chemicals (e.g. Harding
et al. 2016) serve as a basis for genome, transcriptome,
and proteome analyses to elucidate underlying functional
pathways.

In addition to environmental factors, complex networks
of trophic interactions (e.g. predator—prey interactions,
competition, and symbiosis; Bjorbaekmo etal. 2019)
impact the dynamics of protistan communities. Metabar-
coding data (abundance- or incidence-based) in combina-
tion with correlation methods can serve as phylogenetic
proxies to infer these types of interactions. Association
network inferences can identify sets of microorganisms
that show significant co-presences or co-absences across
samples, and can also incorporate environmental trait data
for prediction of species—environment relationships (Faust
and Raes 2012). More complex ecological interactions, in
which one species is affected (in dependence or influ-
enced) by multiple other species, can be assessed by
regression- or rule-based networks (Faust and Raes 2012).
Microbial network inferences have manifold strengths,
such as the integration of metabarcodes, genes, path-
ways, and other data types, as well as the identification of
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community properties encoded in the network structure
(e.g. identification of keystone species). However, to be
able to fully and correctly exploit these networks, one has
to consider the several associated statistical pitfalls, which
can heavily affect the results (Freilich et al. 2018; Rottjers
and Faust 2018). In any case, information inferred from
metabarcoding data can serve as starting point for detailed
investigations of microbial interactions, for example, in co-
culture experiments (Harcombe 2010) or using stable iso-
tope probing, FISH, and other imaging techniques (Fig. 3;
Filker et al. 2014; Kwong et al. 2019; Orsi et al. 2012,
2018).

METABARCODING OR META'OMICS?

The phase of exploration and method validation that
metabarcoding underwent during the past decade is now
accelerating for protistan metagenomics and metatran-
scriptomics (targeting full genomes or transcribed genes
in an environmental sample, respectively). The critical
question arises: Why would we focus on a single marker,
if we can now target hundreds of genes or transcripts?
The answer depends on the study aim, target lineage, and
budget.

Metagenomics and metatranscriptomics are common
for studying the taxonomic and functional diversity of bac-
teria and archaea (e.g. Salazar et al. 2019; Yooseph et al.
2010). For protists, applications have included reconstruc-
tion of full genomes or targeted protein-coding genes
(Cuvelier et al. 2010; Karin et al. 2019; West et al. 2018)
and estimation of gene expression in natural communities
(e.g. Alexander et al. 2015; Carradec et al. 2018; Geisen

Figure 3 An example of biotic interaction that can be tracked across
hypersaline environments using metabarcoding. Complementary isola-
tion, culturing, and experimentation enabled characterization of the
halophile ciliate Platynematum salinarum and its archaeal ectosym-
biont, Candidatus Haloectosymbiotes riaformosensis (image obtained
with scanning electron microscopy). Preliminary experiments suggest
an obligate symbiosis between the two species, in which the ciliate
might serve as means of transport or nutrient supplier for the ectosym-
biont, in exchange for specific compatible solutes that help the ciliate
to counteract high external osmotic pressure (Filker et al. 2014).
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et al. 2015b). As much as these approaches are appealing,
however, broad use in protistology is currently limited by
a new set of challenges. Protistan genomes and transcrip-
tomes are much more complex than prokaryotic ones.
Except for protists with highly reduced genomes (e.g. cer-
tain parasites), eukaryotic genomes are usually much big-
ger and much richer in noncoding regions as compared to
prokaryotes (Lynch and Conery 2003). While noncoding
regions may be useful for certain aims (e.g. population
genetics), a huge sequencing depth is needed to capture
functional genes. Metatranscriptomics solves this issue by
focusing on expressed functional genes, but the transient
nature of messenger RNA molecules makes difficult their
recovery in certain settings (Edgcomb et al. 2014). Fur-
thermore, both metagenomics and metatranscriptomics
are currently limited by the scarcity of reference protistan
genomes and transcriptomes (Keeling and del Campo
2017; Sibbald and Archibald 2017), despite significant
efforts such as the Marine Microbial Eukaryote Transcrip-
tome Sequencing Project (Caron et al. 2017; Keeling et al.
2014).

Metabarcoding and meta’omics approaches address
different questions, and should be seen as complemen-
tary rather than mutually exclusive. Metabarcoding
remains advantageous for certain aims, for example, to
document and monitor biodiversity (Taberlet et al. 2018).
No other method currently allows for the analysis of
large numbers of samples with the same sensitivity, tax-
onomic resolution, and costs. However, as much as
metabarcoding has changed our view of taxonomic
diversity, there is no doubt that -omics approaches (ge-
nomics, transcriptomics, proteomics, and metabolomics)
used at different levels (from single cells to full commu-
nities) will change our perspectives on the functional
diversity of protists.

CONCLUSION

Metabarcoding has greatly changed our view of protistan
taxonomic diversity during the last decade. Still, there are
remaining challenges that we should address as a scien-
tific community. For example, we are producing large
amounts of data that are hardly comparable among stud-
ies and challenge current meta-analysis efforts (e.g.
EukBank, a key piece of UniEuk; Berney et al. 2017).
Although aim-oriented optimization is needed to ensure
accuracy within a given study, a certain degree of stan-
dardization for sampling, laboratory, and bioinformatic pro-
cedures should be achieved, for example, among studies
with shared goals (e.g. biomonitoring), sample types (e.g.
soil or water), or lineages. Broader, sustained sharing of
sequencing data (pre- and postprocessing) and protocols
would facilitate comparisons, increase reproducibility, and
foster discovery. We also need continued efforts to main-
tain comprehensive and publicly available reference data-
bases of taxonomically identified sequences, as these are
the necessary backbone to link metabarcodes with current
taxonomic frameworks (del Campo et al. 2018; Guillou
et al. 2013).
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As much as we saw advances in taxonomic diversity,
we now need to move forward into better-resolved phylo-
genetic and functional diversity. Longer sequence reads
are already generating better-resolved taxonomic assign-
ments and phylogenetic inferences. Large datasets offer
opportunities to explore diversity in ecological or evolution-
ary contexts, based on classic theory and using sound
study design and statistics for hypothesis-driven science.
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