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Protists (microbial eukaryotes) are diverse, major components of marine ecosystems, and are fundamental to ecosys-
tem services. In the last 10 years, molecular studies have highlighted substantial novel diversity in marine systems
including sequences with no taxonomic context. At the same time, many known protists remain without a DNA
identity. Since the majority of pelagic protists are too small to identify by light microscopy, most are neither com-
prehensively or regularly taken into account, particularly in Long-term Ecological Research Sites. This potentially
undermines the quality of research and the accuracy of predictions about biological species shifts in a changing
environment. The ICES Working Group for Phytoplankton and Microbial Ecology conducted a questionnaire sur-
vey in 2013–2014 on methods and identification of protists using molecular methods plus a literature review of pro-
tist molecular diversity studies. The results revealed an increased use of high-throughput sequencing methods and a
recognition that sequence data enhance the overall datasets on protist species composition. However, we found only
a few long-term molecular studies and noticed a lack of integration between microscopic and molecular methods.
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Here, we discuss and put forward recommendations to improve and make molecular methods more accessible to
Long-term Ecological Research Site investigators.

KEYWORDS: protists; Long-term Ecological Research Station; molecular; time-series; questionnaire; literature
survey

INTRODUCTION

The scientific community widely recognizes that envir-
onmental change affects biological systems and their
ecosystem services. Marine planktonic protists (micro-
scopic eukaryotes living in surface waters) are one of the
first group of organisms to respond to changes in phys-
ical conditions and useful indicator organisms of such
change (Hays et al., 2005). Rising sea surface and air
temperatures have already been found to have profound
consequences (potentially) affecting species’ distribu-
tional ranges (Beaugrand et al., 2009) and favouring spe-
cies invasions (Sorte et al., 2010). Increases in sea surface
temperatures have been linked to increases in some
marine pathogens such as Vibrio spp. (Motes et al., 1998;
Vezzulli et al., 2016; Muhling et al., 2017) affecting
humans and marine animals and are under discussion as
favouring harmful algal blooms (Wells et al., 2015).

A time series is a set of regular time-ordered observa-
tions of a quantitative characteristic of an individual or
collective phenomenon taken at successive, in most cases
equidistant, periods/points of time (OECD glossary of
statistical terms: https://stats.oecd.org/glossary/detail.
asp?ID=2708). Several research institutions and monitor-
ing stations maintain time series in order to answer eco-
logical and systematic questions using long-term time
series data. Monitoring organizations that carry out long-
term time series are referred to as Long-Term Ecological
Research Sites (LTER) and we focus on marine LTERs
but these findings are equally applicable to freshwater
LTERs. Time series require precise standardization of
procedures, from sampling to analyses to make meaning-
ful comparisons among different time intervals. Several
marine research institutes across Europe maintain such
time series and the data gathered at these sites fuel many
research projects. We have identified 24 such sites and
oceanographic time series in the North Atlantic and
Mediterranean that have routinely identified and moni-
tored planktonic protists for over a decade. They include
the Continuous Plankton Recorder Survey, which has
been monitoring plankton biomass and diversity in sur-
face Atlantic waters for 85 years (Reid et al., 2003), the
Biological Station at Helgoland (Kraberg et al., 2015) for
56 years, the LTER-MareChiara at Naples (Zingone) for
32 years, the Scottish Coastal Observatory (15–20 years,

Bresnan et al., 2016) and the Western Channel Observatory
(Southward et al., 2004), for 113 years. At present, many
countries have well-established monitoring programmes
with standardized procedures for collecting and counting
organisms and a clear reporting structure to governmen-
tal and non-governmental stakeholders. Light microscopy
is currently the most common method of data collection
for monitoring plankton abundance in many plankton
time series methods, being relatively rapid and inexpen-
sive to set up and provide additional information on
trophic status of plankton. The method of choice is the
Utermöhl inverted microscopy method (Utermöhl, 1931;
Lund et al., 1958). This is considered to be a standard
method, although considerable variability occurs in the
way the organisms are counted in the Utermöhl cham-
ber, despite the fact that suggestions for standardized pro-
tocols have been made, e.g in Sournia (1978), see also
Zingone et al. (2015).
Time series data from this type of monitoring have pro-

vided the basis of our current understanding of the spatial
and temporal distribution of plankton (Reid et al., 1998)
and have helped to link physico-chemical drivers to pat-
terns in marine biodiversity. Planktonic taxonomic records
provide a framework for indentifying shifts in species distri-
bution over space and time. Unfortunately, due to ambi-
guities owing to the limitations of routine light microscopy,
methodological issues, operator fatigue and even taxo-
nomic bias (different time series can place a focus on differ-
ent taxon groups based on the expertise of available
analysts) taxonomic records based on microscopy are
rarely complete (Culverhouse, 2015). This lack of reso-
lution is particularly problematic for smaller single-celled
species, and those living in cryptic habitats as parasites and
symbionts or with inconspicuous life-cycle stages and a
combination of methods are often required for detailed
taxonomic assessments (Culverhouse, 2015; Jeuck et al.,
2017). To highlight the scale of these issues, a global study
comparing catalogued planktonic morphospecies with the
projected number of planktonic taxa acquired by genetics,
showed that genetic methods identified an additional
138 800 taxa (De Vargas et al., 2015). Most of these taxa
were under 10 μm, heterotrophic or were symbionts, thus
impossible to detect by light microscopy. Therefore species
distributions, especially for the smaller protists, are not
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effectively known despite long-term routine assessments in
a number of European time series programmes. However,
it is for these morphologically indistinct organisms that
molecular technologies hold great promise for the future
(Epstein and Lopez-Garcia, 2008).
Over the past decade, numerous publications have

shown the power of the analysis of ribosomal genes
(rRNA genes) to gain new insights into the phylogeny
and biogeography of prokaryotic and eukaryotic micro-
organisms (Sunagawa et al., 2015). The genes coding for
the rRNA are particularly well suited for phylogenetic
analysis and taxonomical identification, because they are
universally present in all cellular organisms and thus have
been suggested as a primary barcode marker (Pawlowski
et al., 2012). Furthermore, rRNA genes are of relatively
large size and contain both highly conserved and variable
regions with no evidence for lateral gene transfer (Woese,
1987). Molecular methods targeting rRNA genes often
take advantage of target-specific molecular probes that
can be used in combination with a wide variety of
hybridization-based methods, such as nucleic acid biosen-
sors (Diercks et al., 2008; Ussler et al., 2013) quantitative
PCR (Bowers et al., 2010; Toebe et al., 2013) or fluores-
cence in situ hybridization (FISH) (Thiele et al., 2014) to
generate information on occurrence and abundance of
selected taxa. In contrast, high-throughput sequencing
methods (HTS) using next-generation sequencing plat-
forms, such as Illumina, Ion Torrent and related tech-
nologies (Scholz et al., 2012) provide high resolution,
taxon-specific information on variability and composition
of whole microbial communities that is independent of
the size or morphology of target organisms, including
their smallest size fractions and the rare biosphere (Kilias
et al., 2014b; De Vargas et al., 2015). As sequencing costs
have plummeted and HTS technology has become com-
mon, the discovery rate on novel protist lineages and
potentially new species has continued to climb. HTS
exceeds Sanger sequencing data ouput by orders of mag-
nitude, allowing for greater species detection extending to
rare types. Such methods have uncovered an enormous
variety of hitherto unknown diversity (López-García et al.,
2001; Moon-Van Der Staay et al., 2001; Amaral-Zettler
et al., 2009, 2010; Kilias et al., 2014b; De Vargas et al.,
2015). Thus, routine molecular monitoring of key micro-
bial components is vital to fill this knowledge gap to pro-
vide meaningful, long-term data needed to judge the
environmental status of key marine systems (Moffat et al.,
2011).
During the 2013 annual meeting of the ICES Working

Group Phytoplankton and Microbial Ecology (WGPME)
held at Helgoland (Germany), it was decided that a
review current practices in molecular microbial marine
surveys was needed through a questionnaire (answered

by 14 researchers engaged in molecular marine biodiver-
sity studies) and a literature review of research involving
67 studies in order to elucidate the extent to which
molecular methods are currently used at monitoring and
Long-term Ecological Research Sites.24

Overall the questionnaire was expected to: (i) provide
an overview on the kind and location of recent molecular
time series projects; (ii) elucidate which technological
approaches are used in the context of the molecular time
series projects; (iii) summarize bioinformatics approaches
to analyse molecular time series data; and (iv) elucidate
the understanding of the community on the benefit of
molecular methods for long-term observation of marine
microbes. The detailed methods used are described in
Supplementary document S1 and detailed results of the
literature review and questionnaire are described in
Supplementary Tables S1 and S2, respectively. Here
we review the survey data on molecular diversity and
evaluate the extent of complementary with conven-
tional biological time series to determine if they can
be harmonized.

MATERIAL AND METHODS

In order to accomplish the aims of this study, we carried
out a literature review of molecular methodology that
has been applied over the last 15 years. In addition, as
molecular technology is rapidly evolving, we devised a
questionnaire for current methodologies to assess how
methodologies are changing and current issues faced by
researchers.

Literature search

A review of the available literature on molecular methods
and their use in protist monitoring was performed. Searches
were carried out in Web of Science in 2014–2015 using the
search terms ‘protist diversity+molecular method+OTU
(3 hits), protist diversity+OTU (13 hits) and protist
+diversity+molecular+marine (138 hits). The initial goal
had been to investigate diversity assessments that are carried
out regularly as part of a monitoring time series. However,
as these were rare, diversity assessments resulting from indi-
vidual cruises or cruise transects were also included. As
many metrics for reporting diversity from molecular surveys
are in use, this survey concentrated on surveys reporting
OTUs. Excluded were articles pertaining to freshwater
diversity or those investigating a specific organism without
reference to sample diversity. Publications pertaining exclu-
sively to prokaryotic diversity were also excluded from the
analysis as they were outside the scope of this review.
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Of the hundreds of articles reviewed, 73 fulfilled the
initially set criteria of being marine or marine-derived
systems and after removing studies focusing on long-
term marine cultures or benthic communities, 67 arti-
cles were used for analysis (Supplementary Table SI).
The data from the literature review were categorized
according to the questions posed in the questionnaire so
that results could be compared and discussed jointly.
Some studies in the literature review compared different
methods. For the summary graphs of methodological
approaches, these were treated separately. The molecu-
lar methods included all DNA-based detection systems.
However, some studies additionally carried out micro-
scopic (light microscopy, electron microscopy and
microscopy using fluorescent DNA probes) identification
comparisons.

Questionnaire

A questionnaire was devised to ascertain how method-
ologies were changing, what current practices were
being used and current issues faced by researchers. The
questionnaire was circulated in 2013 and in 2014 the
responses were gathered from 14 investigators in the
field of molecular assessments of marine protists. All
investigators had experience in classical, microscopy-
based, long-term monitoring and in molecular assess-
ment of marine microbes. The questionnaire was not
circulated to researchers involved in monitoring toxin-
producing phytoplankton as part of a shellfish hygiene
monitoring programme as the use of molecular methods
in these programmes is clearly established (Rhodes et al.,
2013; Cusack et al., 2016). The final questionnaire was
composed of 18 clearly worded, simple and concise
questions in order for respondents to fully answer the
questions at a reasonable rate and to increase chances of
full participation. Participation in the questionnaire was
acknowledged by an offer to contribute as a co-author
to this article.

The first WGPME molecular time series screen—list
of questions

Question
number Question Category

1 Have you produced molecular time-
series data?

2 What taxonomic group(s) are your
primary research focus?

Target groups and
target molecules

3 For what time period did you carry out
your molecular survey?

Sampling and long-
term storage

4 At what frequency was this molecular
survey done? (e.g. monthly, weekly,
etc)

Sampling and long-
term storage

Continued

Continued

Question
number Question Category

5 Is this from a single marine station(s) or
from cruise data?

Sampling and long-
term storage

6 What were your sample volumes? Sampling and long-
term storage

7 How did you prepare equipment and
preserve samples?

Sampling and long-
term storage

8 Have you extracted DNA, RNA or both? Sampling and long-
term storage

9 How long did you store the samples
before extracting nucleic acid?

Sampling and long-
term storage

10 At what temperature did you store your
samples before nucleic acid
extraction?

Sampling and long-
term storage

11 After DNA extraction, how do you
preserve your DNA/RNA?

Sampling and long-
term storage

12 If you quantify your samples, what
method do you use?

Target groups and
target molecules

13 What assays did you use to test your
samples? If sequencing, which
nucleic acid markers did you chose
and your primer set?

Target groups and
target molecules

14 If you used next-generation sequencing,
did you analyse your data using
public/commercial software package
or custom-made package?

Analysis
approaches

15 What would you consider were the
positive and negative aspects of your
downstream analysis?

Analysis
approaches

16 Did you need to create your own
database?

Analysis
approaches

17 What do you feel is the additional value
of molecular data to your time series?

Analysis
approaches

18 How beneficial do you feel a detailed
protocol would be to you/your
colleagues?

Analysis
approaches

RESULTS AND DISCUSSION

The literature survey captured past methodologies that
focused on short-, fixed-term assessments of diversity.
These studies had different goals compared with long-
term surveys but nevertheless shared procedures in
DNA preservation, storage and extraction and the use
of similar DNA markers. However, our review high-
lights a lack of consistent methodology used among
studies carried out, both in the literature reviewed and
those referred to in the questionnaire responses. The
questionnaire response that represents more current
practices revealed more consistency in methodology in
some aspects. However, a wide variety of sampling
methods are still applied at different sites that make
comparisons difficult. This is an issue for many global
microbiological efforts (Emmett Duffy et al., 2013;
Dubilier et al., 2015) and hinders data sharing and inte-
grated analysis across different fields of expertise. LTER
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sites are subjected to different ecological factors, so using
the same volume may not be a useful strategy. It may
be more appropriate to develop a diversity saturation
index (to obtain all diversity, including rare types) that
can be experimentally evaluated at each site and a com-
parable variable across all sites.
The questionnaire responses showed consistency in

how the respondents viewed the benefits of molecular
surveys, in particular by way of increased detection of
organisms that are challenging to identify by light
microscopy. However, the difficulty in integrating
molecular data with conventional time series was a
major concern. In particular, the need to harmonize or
at least agree on sample collection and storage, sample
volumes and target groups and molecules, and tax-
onomy was highlighted.
The results of the literature survey and the question-

naire were analysed and discussed with respect to three
key aspects highly relevant for the accomplishment,
results and informative value of molecular surveillance
of eukaryotic marine microbes: (i) sampling and long-
term storage, (ii) target groups and target molecules and
(iii) analyses approaches.

Sampling and long-term storage

The vast majority of literature-based studies were not a
component of regular monitoring activities, but the
result of biodiversity assessments during cruises for a
particular project (e.g. Díez et al., 2001; López-García
et al., 2001; López-García et al., 2003; Latasa et al.,
2004; Lovejoy et al., 2006; Marie et al., 2006;
Chambouvet et al., 2008; Guillou et al., 2008; Massana
and Pedros-Alio, 2008; Not et al., 2008; Viprey et al.,
2008; Terrado et al., 2009; Gao et al., 2010; Edgcomb
et al., 2011; Bachy et al., 2012; Ishitani et al., 2014; Jiang

et al., 2014; Kilias et al., 2014a; Thiele et al., 2014;
Weber and Pawlowski, 2014; Wolf et al., 2014). The
majority of studies (82%) only sampled the same site
once or twice (Fig. 1A) such as (López-García et al.,
2003; Lee et al., 2010; Koid et al., 2012; Bazin et al.,
2014) to carry out biodiversity studies of surface marine
communities or rarely as deep ocean communities
(López-García et al., 2003; Countway et al., 2007;
López-García et al., 2007; Not et al., 2007a,b; Amaral-
Zettler, 2012) compared with 16% that sampled a single
site more than ten times (Fig. 1A) such as (Joo et al.,
2010; Piwosz and Pernthaler, 2011; Kim et al., 2013).
Most time series from cruises or monitoring stations
were done within 1 year with only 19% of molecular
time series extended to more than 1 year (Short and
Suttle, 2003; Romari and Vaulot, 2004; Zhu et al.,
2005; Medlin et al., 2006; Behnke et al., 2010; Amacher
et al., 2013; Kim et al., 2013). Longer studies were used
to investigate protist responses to environmental factors
such as particle fluxes from shallow to deep waters at
LTER (Amacher et al., 2013), or look at rarely charac-
terized protists or environments such as nano- or
picoeukaryotic diversity in the Arctic Ocean (Terrado
et al., 2009; Bachy et al., 2011; Monier et al., 2013,
2014), Fungal diversity (He et al. 2014), Polycystine
radiolarian symbionts (Dolven et al., 2007). Monitoring
stations or regular transect routes that carried out
molecular surveys include LTER, L4 (Romari and
Vaulot, 2004; Taylor and Cunliffe, 2014; Stern et al.,
2015), Helgoland Roads Station (Medlin et al., 2006),
Norwegian fjords (Piquet et al., 2014), Bermuda Atlantic
Time Series (Amacher et al., 2013) or at a Korean reser-
voir (Joo et al., 2010). Most studies focused on newly col-
lected samples, rather than archival sources. A large
focus was on species discovery, due, in part, to new
technological developments that allowed high throughput

Fig. 1. Temporal sampling effort of researchers involved in molecular surveys from literature review (A), showing frequency of repeated sam-
pling of a station or area and our questionnaire (B), showing the number surveys that have repeatedly sampled a region.
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or larger scale genetic studies (Moon-Van Der Staay
et al., 2000; López-García et al., 2001; Massana and
Pedros-Alio, 2008; Heywood et al., 2010; Stern et al.,
2010; Schnetzer et al., 2011; Wylezich and Jürgens, 2011;
Amaral-Zettler, 2012; Alemzadeh et al., 2014). A few
studies used single-cell isolation approach only with larger
protists (Yuasa et al., 2006; Ishitani et al., 2014; Weber
and Pawlowski, 2014) or using secondary sorting for small
protists (Shi et al., 2011) and a minority investigated pro-
tists in marine-derived cultures (Atkins et al., 2000). Only
seven studies sampled benthic substrates ranging from
beach sand to deep sea hydrothermal vents sediments
and sponge samples, with only one of these studies car-
ried out repeated sampling (Atkins et al., 2000; López-
García et al., 2003; López-García et al., 2007; Stoeck
et al., 2009; Stern et al., 2010; Amaral-Zettler, 2012; He
et al. 2014). Two studies investigated ice cores (Bachy
et al., 2011; Kilias et al., 2014b). All time series described
in the questionnaire were established relatively recently
during the past decade. The US microbial observatory
(Kim et al., 2013) was the earliest molecular survey start-
ing in 2000 and the longest running molecular time ser-
ies, ending in 2010. Responses from the questionnaire
(questions 3–11) showed that sampling was highly vari-
able from weekly time series at single locations through
to those carried out over defined time intervals on annual
basis that covered larger geographical areas. However,
most of these were under 5 years with 10% over 10 years
(Fig. 1B). Multiple surveys were often employed, about
half of which are ongoing and of these, five survey mul-
tiple sites on an ongoing basis.

Sampling volumes in studies from the literature
review were highly variable (Fig. 2) and ranged from
<1 mL (Shi et al., 2011) up to 500 L (Koid et al., 2012),
depending on the end-point analysis. The most frequent
volume ranges were 1–10 L (43%) followed by 0–1 L
(33%). A few were done through plankton nets so no
volume was available (Yuasa et al., 2006; Stern et al.,
2010; Seears et al., 2012; Alemzadeh et al., 2014). Most
studies (52) did not use any replication using the same
methods, although many reduced sampling biases
through sample or PCR replication and pooling. About
half compared their results to a genetic or non-genetic
method. Filtration was common but methods varied.
Sampling volumes among questionnaire participants
were similarly variable mainly in the range 0.5–2 L,
overall ranging from 0.1 to 10 L (see Fig. 2). By contrast
processing of samples appears consistent in both cases.
Both literature and questionnaire results showed most
respondents used either polyethersulfone membrane or
polycarbonate filters and either snap frozen in liquid
nitrogen (more common among questionnaire partici-
pants) and stored frozen at −80°C alone or in Tris-
EDTA buffer. Short-term storage was at −20˚C. A
quarter of studies in the literature review included pres-
ervation of the samples with lysis buffer or RNAlater
prior to freezing. Reported periods of long-term storage
of the samples were variable for questionnaire partici-
pants. They ranged from weeks up to 5 years (most
were between 8 months and 2 years). Further complica-
tions come from size fractionation of samples either by
net or filtration to measure different size components.

Fig. 2. Ranges of volumes collected from marine molecular surveys sourced from a literature review and questionnaire. Many respondents
deployed more than one survey and open water surveys tended to collect greater volumes.
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Often these are not effective and larger organisms are
found in samples fractionated for smaller organisms
because the methods can disrupt larger cells or from
contamination of dead, fragmented cells and such meth-
ods are biased as they exclude symbiotic or parasitic
relationships (De Vargas et al., 2015). However, cell sort-
ing methods can rapidly sort and photograph individual
cells even up to zooplankton size (Sosik et al., 2010) and
linking these to HTS data may resolve physical size frac-
tionation issues.
The answer to the question of “How much volume is

enough to capture all diversity” depended on the sys-
tem. Coastal systems have more nutrients and tend to
support greater cell numbers and the dominance of a
few species, while some open water systems have lower
concentrations and more even distributions. These dif-
ferences may result in non-comparable diversity assess-
ments among sites. In some instances, the filter volume

depends on the purpose of the monitoring programme
and the emphasis put on “rare species”. Monitoring for
the impacts of anthropogenic nutrient inputs assumes a
high phytoplankton biomass and thus the volume
sampled in this instance may be less than a programme
where the presence of “rare species” such as early warn-
ings for toxin producing species or non-native introduc-
tions is the focus of the study. A coordinated effort to
determine complete or near complete representation of
diversity would allow empirical determination of recom-
mended volumes in different regions.

Target groups and target molecules

The majority of studies in the literature review surveyed
total protist diversity (Fig. 3) including a large propor-
tion focusing on picoeukaryotes. Some studies also tar-
geted diversity in specific taxonomic groups, e.g.

Fig. 3. Breakdown of microbial eukaryote groups studied in the literature review shown as functional groups types (A). Studies targeting specific
taxa groups are shown in brackets and their taxonomic categories (B). The “General” category included author-defined terms of microbial eukar-
yotes, plankton, eukaryotes and marine protists. All other categories used were author-defined.
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dinoflagellates, foraminifera, radiolaria or fungi as a sys-
tematic study. A total of 112 different primers were used
in the published studies, reviewed here. The majority of
published studies (just over 94%) used a partial 18S
rDNA gene as a target taxonomic marker with a minor-
ity using the nuclear-encoded ribosomal Internal
Transcribed Spacer region (ITS) where ITS1 and ITS4
primers are commonly used (White et al., 1990) and/or
COI markers (e.g. Stern et al., 2010; Kilias et al., 2014a).
Some studies, additionally, used a combination of mar-
kers (18S, ITS) such as (Wolf et al., 2014). The most
commonly used primers for 18S marker, EukA or
Euk1A (Medlin et al., 1988), Euk328F (Moon-Van Der
Staay et al., 2001) and Euk528F (Van Hoek et al., 1998)
as forward primers and Euk516R (Amann et al., 1990),
Euk329R (Moon-Van Der Staay et al., 2001) and EukB
(Medlin et al., 1988) targeting the entire 18S region or
conserved regions proximal to the terminus of 18S
marker notably the V4 or V9 region. The 18S V4
region was proposed as a primary barcode region (as
COI is not suitable for many protists) by Pawlowski et al.
(2012) primarily because of its ubiquity in all protist cells
and its high usage in public databases. It is likely, this
marker will continue to be used. Nested PCR amplification
approaches, applying two sets of primers, were often used,
resulting in a greater variety of taxa identified. Primer sets
did not identify species equally and detection often was
skewed towards Alveolata and Heterokontophyta. In the
former case, this is likely due to lineage dependent differ-
ences in rDNA copy numbers per cell (Zhu et al., 2005).
Additionally, DNA from heterotrophic cells (such as MAST
and MALV belonging to Heterokonta and Alveolata) can
be easier to extract than autotrophs that often have tough
cell walls (Vaulot et al., 2002), thus more likely to be ampli-
fied by PCR Excavata and Rhizaria were the least repre-
sented using these primers, although the latter were
abundant in other studies (De Vargas et al., 2015).

All participants of the questionnaire (questions 2,
11–12) had carried out molecular time series studies tar-
geting mostly protists but additionally also surveyed pro-
karyotes (bacteria and archaea). At three sites, only
bacteria were investigated but as the methodology used
in bacteria and protists were very similar, these were
included in the analysis. The molecular methods were
mainly used to analyse community composition or
diversity of protists. In agreement with the literature sur-
vey, there was broad consensus on analysing rDNA
taxonomic gene marker (18S) to assess protist diversity.
Most of the studies were based on the analyses of DNA,
rather than RNA sequences.

The use of the 18S DNA marker, although common
and useful in identifying a large spectrum of organisms
at the major group level, is not ideal to identify

organisms to species. Adl et al. (2014) show a bewildering
number of primer sets used to identify soil microbial
eukaryotes. Different primer sets have been shown to
generate a biased taxa dataset, through the exclusion of
species (Hugerth et al., 2014). However, both the litera-
ture review and questionnaire showed that only a few
primer sets are popular, making it likely that a common
set of primers could be developed to detect a broad and
more representative spectrum of taxa. Primer develop-
ment continues, and progress and an agreement on a set
of universal eukaryotic primers might be achievable
given our findings and would benefit those involved in
molecular surveys. Yet, the popularity of primer combi-
nations can be expected to wax and wane, driven by
HTS developments to sequence progressively longer
pieces of DNA accurately. Longer DNA metabarcodes
allow for increased accuracy with which different taxa
can be discriminated. Additionally, improvements in
strategies to capture species representatively are con-
tinuously improving, for example through DNA-
enrichment methods (reviewed by Mamanova et al.

(2010)) while in silico checks can be made to detect func-
tional regions of RNA molecules that take part in pro-
tein binding, reducing false positives detection from
pseudogenes (Smyth et al., 2015).

Analysis approaches

The literature review revealed, a great diversity of methods
(Fig. 4). Perhaps as a result of the initial high-sequencing
costs, the most common published methods were fingerprint-
ing methods were ARISA (Automated Approach for
Ribosomal Intergenic Spacer Analysis), DGGE (Denaturing
Gradient Gel Electrophoresis), TGGE (Temperature
Gradient Gel Electrophoresis), RFLP (Restriction Fragment
Length Polymorphism), T-RFLP (Terminal Restriction
Fragment Length Polymorphism), SSCP (Single=Strand
Conformation Polymorphism), PFGE (Pulse-field Gel
Electrophoresis), often in combination with another
method such as FISH or microscopy (Diéz et al., 2001;
Larsen et al., 2001; Savin et al., 2003; Massana et al.,
2004, 2006; Countway et al., 2005; Medlin et al., 2006;
Not et al., 2008; Lee et al., 2010; Piquet et al., 2010;
Balzano et al., 2012; Filker et al., 2013; Kilias et al.,
2014a), as examples. Fingerprinting methods measured
diversity but not taxonomic affiliation. However,
Sanger sequencing using clone libraries and high-
throughput sequencing (also called 454-Titanium
sequencing, pyrosequencing, massively parallel pyrotag
sequencing, Illumina GAIIx sequencing, metabarcod-
ing) methods were the most common (43/67 studies).
Quantitative genetic approaches were least favoured in
the survey (<5%).
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By contrast, questionnaire respondents answering ques-
tions 14–18, had used Sanger sequencing or HTS for ana-
lysis (Fig. 4), showing an increased trend to use sequencing
as costs have reduced, especially for HTS methods. Only
three respondents specified 454 Life sciences technology,
likely since it is rapidly being replaced by Illumina technol-
ogy, and one respondent specified Ion PGM Torrent tech-
nology. In some time series, other approaches were used
such as Quantitative PCR (qPCR) or molecular finger-
printing techniques (Fig. 4). If HTS was used, sequence
libraries were analysed using a combination of publicly
available software such as Mothur (Schloss et al., 2009) or
QIIME (Caporaso et al., 2010) with tailor-made pipelines
in most cases. These pipelines are well used and relatively
easy to handle by a trained genetics expert but require spe-
cialist knowledge of bioinformatic models so are difficult to
utilize without a molecular background to many involved
in biodiversity monitoring.
It was pointed out that primer usage, limited sequence

quality and ongoing technological progress are major
challenges for the application of molecular methods in
long-term observations. Previous studies have revealed
that molecular diversity measurements can differ by
orders of magnitude due to differences in bioinformatics
pipelines and variable copy numbers of gene markers
that are preferentially detecting some taxa over others
(Medinger et al., 2010; Bachy et al., 2012; Egge et al.,
2013). Addressing how biomass can be equated to quan-
tity has been achieved for higher trophic levels but less so
for microbial eukaryotes is an equally important goal that

is started by documenting biovolumes of phytoplankton
(Olenina et al., 2006). Automated flow cytometry sorting
could be of enormous benefit to this initiative.

The majority of respondents to our questionnaire cited
a lack of comprehensive and well-curated reference data-
bases as a major impediment to record biodiversity
accurately and reliably. Additionally, the literature survey
revealed that variable taxonomic terms (Supplementary
Table SI) that would impede cross-comparisons of stud-
ies. Most of the interviewed scientists reported that they
used their own tailor-made reference databases for anno-
tation of the sequences, set up starting from publically
available databases, PR2 or SILVA (Yilmaz et al., 2014).
Curated databases such as the Protist Ribosomal
Reference Database PR2 and Phytoref (Guillou et al.,
2012; Quast, 2013; Decelle, 2014) used by two ques-
tionnaire respondents have helped to provide standar-
dized reference sequences and a good example of
easily accessible reference database available online
curated by experts, which could be accessible to non
experts with a degree of training. The UniEuk initia-
tive is an important initiative that could overcome
these challenges. This is an expert-driven community
initiative to standardize existing and new genetic obser-
vations in all biomes with the same pipeline that will
link to one taxonomic framework, linked to both
SILVA and PR2 (Berney et al., 2017). This initiative
could be used as a starting point for LTERs to process
and compare their data. Zooplankton studies have
used a barcoding cut-off approach helpful in defining

Fig. 4. Comparison of molecular methods used in environmental surveys from literature review (literature review) versus the questionnaire sur-
vey. Note how sequencing methods are more prominent in the questionnaire
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and linking genetically identified taxa to those of their
morphological counterparts (Bucklin et al., 2016). Data
reporting varied hugely in our literature review so we
would recommend that all processing pipelines should
be stored along with the sequences in a common reposi-
tory like GitHub.

The few studies that did compare identifications molecu-
lar and morphological findings revealed variable levels of
correspondence (Table I). Diatoms and certain ciliate taxa
appear to correspond well (Bachy et al., 2012; Monchy et al.,
2012; Pirreda et al., 2017) and this likely relates to the num-
ber of morphological features available for identification.
Taxa with less defined features, such as Phaeocystales
appeared more diverse in genetic studies (Monchy
et al., 2012) and therefore only a few studies compare
smaller or indistinct taxa using morphological and gen-
etic studies (Collado-Fabbri et al., 2011; Edgcomb et al.,
2011; Thiele et al., 2014). Dinoflagellates appeared to
be the least congruent study 6 (Table I, Monchy et al.,

2012), with genetic diversity outstripping morpho-
logical, which the authors attribute to lack of features
in lugols-preserved cells, although conversely other
dinoflagellate taxa lacked genetic resolution or the
presence of indels that biased the dataset. Several com-
parison studies show variable correspondence of gen-
etic with morphological taxa, in which both methods
missed taxa. Studies have cited lack of genetic representa-
tion (especially rare types) and genetic resolution that leads
to falsely assigned sequences as the cause of this disparity
(Monchy et al., 2012; Stoeck et al., 2014; Malviya et al.,
2016). There remains a lack of integration between clas-
sical taxonomy with genetic identification, when assigning
an identity to an unknown sequence. Therefore, despite
the enormous diversity captured, a proportion of DNA
sequences remain as “unknown eukaryotes”. While mor-
phological identity can be useful to relate to environmental
factors (Santoferra et al., 2016), genetic studies excel in
identifying biological diversity as exemplified by the

Table I: Genetic and morphological diversity comparison studies

Study Ref.
Gene
Marker Environment Target

Morphological
method

Number
genetic
taxa

Number
morphological
taxa Correspondence

1* López-García
et al. (2003)

18S Deep sea Eukaryotic
microbes

EM 7 2 Coccolithaceae and Foraminifera
correspond

2* Bachy et al.
(2012)

18S Plankton Tintinid ciliates LM 9 8 Good correspondence. Tintinnidiidae
not observed by LM

3 Santoferra
et al. (2016)

18S Plankton Tintinid ciliates LM 509 30 Four corresponding groups
(Steenstrupiella/Amphorides,
Salpingella/Amphorellopsis,
Eutintinnus and other tintinnids).
Additional four groups found
genetically only

4 Santoferra
et al. (2014)

18S Plankton Spirotrichea
ciliates

LM 9 4 Good correspondence in four taxon
groups

5 Stoeck et al.
(2014)

18S Plankton Ciliates LM 47 30 Variable. 36 genetically detected
genera missing by LM analysis. 19
LM detected genera missing by
genetic analysis

6* Monchy et al.
(2012)

18S Plankton Microplankton LM 131 37 Ciliates and diatoms show good
correspondence, dinoflagellates and
phaeocystaceae show greater
diversity using genetic vs LM
identification

7 De Vargas
et al. (2015)

18S Plankton Eukaryotic
microbes

LM 37 37 Chlorachnea, Dictyochophyceae,
Collodaria, Ascidiacea,
Platyhelminths have more genetically
identified taxa. Cephalopoda and
Cubozoa have more morphologically
described taxa

8 Ruggiero et al.
(2015)

28S Plankton Pseudo-
nitzschia spp.

LM 17 5 P. fraudulenta/P. subfraudulenta, P.
multistriata good correspondence.
Genetic taxa more diverse than LM-
identified taxa

9 Malviya et al.
(2016)

18S Plankton Diatoms LM 20 20 Good correspondence

10 Pirreda et al.
(2017)

18S Plankton Diatoms and
Flagellates

LM 11 11 Good correspondence of taxa for most
samples

Three studies (marked with an asterix) were part of the original literature review. LM, light microscopy; EM, electron microscopy.
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TARA oceans global diversity study of microbial eukar-
yotes that found (De Vargas et al., 2015) unexpectedly
higher diversity (38–113 fold) for five eukaryotic classes.
The traditional view of morphological diversity dominated
by metazoan, larger phyto- and microzooplankton (~88%)
was overturned with most taxa belonging to pico- and
nanoeukaryotes (De Vargas et al., 2015).
There was a consensus among the interviewed scien-

tists that marine long-term series would benefit from an
implementation of molecular methods as standard ana-
lyses tools. It was pointed out that molecular methods are
well suited to provide refined and reliable information on
the whole protist community, since they include the smal-
lest protists, rare taxa, microalgae, ciliates and parasites,
including information on intraspecific variability, which is
nearly entirely missed in traditional approaches. With
respect to this, there was also consensus on the need for a
standardized protocol or protocol stages that include all
levels of analyses from sampling to data processing, ana-
lyses and statistics.
The difficulty of relating cell counts from microscopic

observations with genetic data remains. Quantifying cell
numbers is essential for reporting toxic species, following
species succession, and mapping long-term changes in
species distribution. However, PCR amplification cre-
ates an initial bias that is reflected in subsequent HTS
data. This means that the number of sequences from
one taxon cannot be linked directly to the number of
cells observed microscopically. Nevertheless, other indir-
ect comparisons can be made such as the relative pro-
portions of sequences within a taxonomic class (Logares
et al., 2014). Cell biovolume and sequence numbers can
be related within one order of cell size (De Vargas et al.,
2015), allowing estimates of biomass and cell carbon to
be determined. Quantitative PCR or DNA microarrays
can determine abundance for several target microbes
(Limardo et al., 2017), but are not realistic for species
surveys involving thousands of species. The development
of a gene copy database for different species or even
higher levels of taxa would facilitate genetically quanti-
fying protists and linking these with microscopic coults
of protists, but would not be capable of detecting
unknown species.

CONCLUSIONS

Prospects for integrating methods

There are different extents to which one might want to
integrate molecular tools into routine monitoring depend-
ing on the purpose of the programme. The most extreme,
and at the same time most unlikely, scenario for the near

to medium term would be to completely replace conven-
tional morphological methods in a time series with
molecular ones. This would require a long period of paral-
lel analysis using both methods, to ensure that data from
both methods are comparable, but problems with quantifi-
cation and biomass estimation remain and would need
to be addressed. Given the uncertainties and diversity
of molecular methods and the rapid developments
of these methods, and considering that even long-
established methods for enumerating plankton have their
own inaccuracies due to collection and counting methods,
it appears unlikely that a complete move to molecular
methods could work without threatening the temporal
integrity of a time series. Even if they are analysed after
several years, this would likely not provide sufficient data
to make meaningful comparisons. Few time series have
integrated molecular and microscopic protist measure-
ments with environmental parameters. However, the col-
lection of molecular data at LTERs has been recognized
as a much needed approach, because the ecological
knowledge of a site can provide an indispensable back-
ground to optimize both the planning and interpretation
of molecular research (Davies et al., 2014). Moreover,
molecular data provide an insight in the numbers of still
unknown species present at a site, fostering taxonomic
explorations, which in turn can improve the routine mon-
itoring. Once the eagle-eyed observer is made aware of a
taxon’s existence, it can often be spotted with ease.

Ocean Sampling Day, which is an initiative to take
annual samples on the same day globally using the same
methods (Kopf et al., 2015) could provide a valuable ref-
erence for comparing different types of data over the
long-term whilst UniEuk can provide the framework for
consistent data outputs (Berney et al., 2017). There is
also a general trend towards integration with other tech-
nologies such flow imaging to create a large digital
imaging dataset (Olson and Sosik, 2007) that can com-
plement HTS identification. A sustained effort to record
species could be advanced through such automated plat-
forms allowing large numbers of species to be separated
and then genetically analysed. Figure 5 outlines how
various methods could be used to improve protist spe-
cies identification by combining genetic, morphological
and flow cytometric methodologies through the use of
combined databases.

The benefits of HTS in detecting diversity are recog-
nized. Advances in sequencing technology could elimin-
ate the need for additional quantification analysis.
MinION technology (Oxford nanopore technologies)
generates thousands of reads and does not require a PCR
amplification step that causes biases in species detection.
Single-cell genomics is also becoming increasingly common
(Blainey, 2013) and may change how we identify cells, for
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example, through multiple marker identification. However,
the rapid progress in this technological could add to the
problem of internal consistency of long-term monitoring
using molecular studies. In addition, the increased out-
put still requires curation and the need to integrate
data with other biological and oceanographic datasets.
Technological advances together with automatization are

required and would be a major step forward in finding
a more complete estimate of protist diversity on larger
scales (Logares et al., 2014; Kilias et al., 2014b; Metfies
et al., 2016). These datasets have huge potential in
understanding species changes on a global level but
need to be stored and curated carefully for the data to
be mined usefully.

Fig. 5. Hypothetical view of how molecular information can be incorporated into routine monitoring programmes and other databases to aug-
ment plankton diversity monitoring- for more accurate long-term predictions of environmental change. New species distributions can be mapped
by assigning DNA sequences to unknown cells. Over multiple years, changes in a more comprehensive species assemblage dataset can be used for
predictions of biological species shifts.
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Interpreting combined datasets

In some instances, molecular information can provide
information that can revolutionize the understanding of
the dynamics of key phytoplankton species in an area.
An example of this is the detection of both the paralytic
shellfish toxin producing Alexandrium catenella (previosusly
A. tamarense Group I, Lilly et al., 2007) and the non-toxin
producing Alexandrium tamarense (previously A. tamarense

Group III, Lilly et al., 2007) in Scottish waters. Prior to
this study, it was believed the distribution of A. tamarense
in the UK was restricted to England and A. catenella was
restricted to Scottish waters (Collins et al., 2009) and
information gained from this molecular study has fed
into the advice that is being given to the aquaculture
industry.
Interpretation of long-term datasets collected using

microscopy and molecular data needs careful consider-
ation and in some instances, the data may not be com-
patible. Additional issues come with rapidly evolving
genetic technologies. We recommend at least 1 year/sea-
sonal cycle of simultaneous microscopy and sample col-
lection but ideally 2–3 years or seasonal cycles one set to
be held in archive for later re-analysis if necessary. The
community needs to develop guidelines for experimental
procedures to extract genetic material so cross-
comparisons can be made. It is advisable to keep the
primary sequence data along with the metadata
(including original taxonomic assignments) for repro-
cessing using either different bioinformatic methods.
Additionally, improvements to databases both in
terms of more accurate taxonomic annotations and
novel sequences will make retrospective analysis/cor-
rection easier.
One approach that has been successfully used in assessing

the state of plankton from a biodiversity perspective is the
plankton index approach that has been used to assess the
status of plankton in Portugal, France, UK and Hong Kong
(Tett et al., 2008; Brito et al., 2015; Gowen et al., 2015;
Whyte et al., 2017; Lei et al., 2018). This approach identifies
plankton life forms based on ecological function (e.g. dia-
toms vs dinoflagellates) and using an annual plankton index
to identify the change in life form pairs. This approach was
developed to overcome sampling and identification dispar-
ities to allow comparisons between different laboratories
and methods and is currently being used in the assessment
of “Good Environmental Status” for the Marine Strategy
Framework Directive in Europe. It is possible using a rela-
tive abundance score to incorporate molecular methods
into this approach and overcome the differences in species
level identitifications between the molecular and micro-
scopic methodologies. Molecular methods will increase the
life form pairings that can be included in this approach and

allow the smaller and microbial components to be investi-
gated, thereby increasing understanding of the ecological
functioning of a marine monitoring site.

OUTLOOK

In this review, we looked at current and past practices
applied to molecular surveys of microbial eukaryotes.
Participants in our questionnaire agreed that molecular
surveys are unparalleled in uncovering vast range of
undetected diversity for use in ecological models of mar-
ine systems. However, we found many areas of ambigu-
ity both in methodological and analytical practices that
are preventing researchers and the greater public from
gaining the full benefits of these advancements. As such,
it would be useful to have a set of best-practice
guidelines to integrate molecular surveys into routine
morphological plankton surveys.

A dream to be realized for the coming decade would
be to miniaturize and automatize HTS methods and
imaging methods, link them in situ, and broadcast the
processed information about species diversity and meta-
data to the shore in near real-time. The integrated
toolkit can be loaded into buoys, gliders, floats and
whatever devices still in development, and these auto-
mated monitoring tools can then go about their business
by the hundreds, providing a detailed picture of the
planktonic biodiversity wherever and whenever the
observer would like to have a close look.

SUPPLEMENTARY DATA

Supplementary data can be found online at Journal of

Plankton Research online.
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